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Tuts book is the second volume of a text book on Motor Car 
Engineering, and deals with the design of the petrol engine and 
chassis. Yet, notwithstanding the fact that the two volumes 
must of necessity be complementary, an endeavour has been made 
throughout the work to render it complete in itself, although 
needless repetition has been avoided. It is anticipated, however, 
that before students take up the study of design they will have 
become well acquainted with the constructions commonly 
employed. The Author has included a few of the illustrations 
which appeared in the first volume. The subject-matter of this 
volume has been written from the notes used by the Author in 
his lecture to students on Motor Car Desien, and is intended for 
the use of engineers, designers, draughtsmen, students and 
others whose work entails a knowledge of design. The treat- 
ment of the subject is from first principles, for two reasons: 
firstly, because it enables a student to grasp the essentials and 
the mode of application with less difficulty, and secondly, because 
empirical formule, always dangerous, are especially so in 
automobile design, where the conditions under which they are 
used may vary so greatly from those under which they have 
originated. Many worked examples have been given, which 
should be read carefully by the reader. 

The Author must again express his indebtedness to his friend 
and colleague Mr. T. Wadhams, Wh. Ex., who has kindly checked 
many of the calculations and read through the proofs, and to the 
Institution of Civil Engineers, and the various firms who have 
loaned him blocks for a number of the illustrations. 

His best thanks are also due to the Councils of the Institution 
of Civil Engineers and the American Society of Automobile 
Engineers; to the Engineering Standards Committee; to the 
Editor of the Practical Engineer’s Pocket Book, and to Messrs. 
Longmans, Green & Co. and Prof, A. Morley, B.Sc., for permission 
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to use matter from their publications and referred to in the text, 
and to Mr. H. KE. Wimperis, M.A., M.Inst.C.H., A.M.LE.E., for 
information supplied. 

Tt is hardly to be expected that the Author has been entirely 
successful in avoiding mistakes in the calculations, and he would 
therefore be glad to have any corrections brought to his notice. 
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(VOLUME ID 


CHAPTER I 
INTRODUCTION 


1. Desten is one of the most interesting branches of 
engineering study, as while it presents the opportunity for 
both ingenuity and originality, its application to practice is 
immediately apparent. It must not be imagined, however, that 
one can learn how to design a piece of machinery merely by 
studying the theory of the subject, as facility in this branch of 
work, as in others, can only be acquired by continual practice, 
and theory has in some cases advanced insufficiently to render it 
possible to rely upon it solely in practice. For this reason many 
illustrations have been given in Volume I of this work ; these 
should. be thoroughly examined and the good features noted— 
any improvements which may suggest themselves being carefully 
and rigorously investigated, in order to ascertain whether they 
are not accompanied by some disadvantages, having regard to 
the fact that compromise plays no little part in many branches 
of automobile design, and where the best arrangement has not 
been selected it-is often because the conditions are such as to 
preclude the designer from making such a choice. 

Frequent and critical reference to the technical press and to 
actual examples must also be made, so that tried designs and 
the trend of modern practice may be gradually assimilated. The 
practice of keeping notebooks in which any noteworthy feature 
may be sketched and any data of interest to the designer entered 
up is to be highly commended ; as although such books are easy 
to compile, they will be found to be of great service in subsequent 
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work where the data available is scanty. It must be remembered, 
however, that these sources of information cannot be made use 
of to the fullest extent except by becoming thoroughly conversant 
with the various entries therein through occasional perusal. 

2. But such knowledge is not alone sufficient to ensure the 
attainment of the highest degree of excellence, as the problems 
met with in design call for many qualities that are not possessed 
by every engineer., Firstly, a designer should be endowed with 
great powers of visualisation, so that he may have a clear con- 
ception of the finished product before a pencil is put to paper. 
In this the study of Descriptive Geometry is of inestimable service, 
since it enables him to overcome the difficulties encountered in 
picturing lines and surfaces in their relationship to one another, 
and thus prepares him for the more practical work of mentally ~ 
depicting the various alternative arrangements, from which he 
may choose that which is best for the particular conditions that 
have to be satisfied, 

Secondly, in no field of labour is it more essential that a 
man should devote his whole time and energies to his work—he 
should critically examine, not only the designs of others, but 
those which he himself has produced, and devise means whereby 
defects, if any, may be eliminated or improvements effected 
when circumstances render it practicable to do so, as it is 
impossible to reach the high standard of perfection which is now 
demanded in first-class work without the exercise of considerable 
thought and mental discussion. This work, it will be readily 
seen, calls for far more than the ability to criticise—a fool can 
destroy, but it requires a genius to create; and if the design is 
to represent an advance on an existing construction, not a slavish 
copy of another model, it is essential that a designer should 
originate. These remarks may be applied generally to the whole 
chassis, but their particular application is to details, where 
occasionally one sees contraptions on otherwise excellent designs, 
which would never have been introduced had sufficient thought 
been bestowed upon them in the initial stage. 

Thirdly, since much of design is a compromise between that 
which is eminently desirable and that which is practically 
feasible, it is necessary that he should have had a sound practical 
training supplemented by a varied experience,’ otherwise his 
judgment may be defective, and he will be precluded from pro- 
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ducing work that is cheap to manufacture, yet excellent in 
construction and design—the cost of production being, generally, 
of paramount importance, although luxury and finish or speed 
may, under some circumstances, take priority. Jt should, 
however, be clearly understood that cheapness is seldom, if ever, 
synonymous with a low selling price; because the cost of a car is 
not determined by the latter alone, but in conjunction with 
running expenses, repairs, and the rate at which depreciation 
takes place, and these are not infrequently less with the more 
expensive cars than- with those sold at a lower figure. Hence, 
a designer must always consider these other factors if his work 
is intended to be of permanent value to a manufacturer. His 
training and experience should have been such as to give him 
an intimate knowledge of the capabilities and limitations of 
machine tools, founding, smithing, die-forging antl pressing, as 
well as general workshop processes, but these will require 
continual attention subsequently so that he may keep abreast with 
modern improvements as they are introduced. This practical 
experience is also of service since it may enable him to detect an 
error in his work that would pass unnoticed by a less qualified 
man, and this is probably the reason why much of the rule- 
of-thumb design prevalent at one time in other branches of 
engineering work proved so satisfactory. 

The need for thoroughness and for the exercise of care and 
discrimination should also be emphasised, especially in regard 
to details, as only by so doing can the perfection of the whole 
be achieved. Not infrequently, a good general design suffers 
through a lack of sufficient attention to the details of construc- 
tion’; while attempts are sometimes made to introduce features 
that, excellent in themselves, are quite out of place in the class 
of engine or chassis under consideration. 

The art of mental approximation is one that he should 
continually practise, and it will be found to be of inestimable 
service in design ; for although the use of the slide rule expedites 
calculations, the actual paper work can be thereby materially 
lessened, as it will then be unnecessary to wade through a large 
number of figures, before a satisfactory result is obtained, when 
adjusting the dimensions of the various parts. By continued 
practice a high degree of accuracy can be attained even in more 


or less complicated calculations. : 
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Lastly, the traditions of a firm must not be too lightly 
esteemed. The reputation possessed by a car is built up after 
long years of labour and depends for its continuance upon the 
maintenance of the peculiar qualities upon which it has been 
founded—namely, strong construction, reliability, silence, accessi- 
bility, durability, efficiency, appearance, low running costs, etc. 
All design is an evolution—a process in which defects are 
eradicated and. good features become established, and any 
departure from past practice should be able to withstand the 
severest scrutiny before introduction into any model. ‘This con- 
sideration is rendered all the more important from the fact that 
any alterations are costly to initiate, in that fresh patterns, dies, 
jigs, ete., are necessary; and because those engaged in the shops 
are not conversant with the new construction. Further, all 
modifications must be considered from the point of view of the 
prospective purchaser, who is really the ultimate judge of the 
wisdom of any change. 

8. Having considered the qualities required for design, 
reference may now be made to the drawing office. Without 
depreciating in any way the care and thought bestowed by those 
whose duty it is to superintend the construction of the chassis in 
the shops, the drawing office is the brain of the works ; for there 
the various processes to which the parts will be subjected during 
manufacture should have been mentally performed during design, 
in order that no drawing shall be sent out which will require 
modification, owing to the resources of the workshops being 
insufficient, or because of the impossibility of manufacturing such 
a part except at great expense. It is, therefore, clear that it 
is requisite for draughtsmen to have had a somewhat similar 
training to that which has been already indicated. Attention 
should be paid to the number and capacity of the machines in 
the shops so that it will not be found that some machines are 
clutted with work and others have little to do.. It is not always 
possible to do much in this direction, and it should not be allowed 
to assume such an importance as to vitally affect the design, 
but it is a point to bear in mind, as very little alteration is often 
sufficient to render it easy to use another class of machine. 

Attention must also be drawn to the importance of avoiding 
the use of a large number of different sized nuts, which may or 
may not require special spanners; to the need for accuracy in 
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dimensioning drawings and to the caution which should be exer- 
cised in their final examination. Mistakes can be easily rectified 
and modifications readily incorporated on paper, but they are apt 
to prove expensive if delayed until after the work has been com- 
menced in the shops. For this reason every endeavour should 
be made to ensure that whatever leaves the drawing office is correct 
in detail and represents the simplest, cheapest, and best con- 
struction possible; that sufficient views are given of every part 
to clearly indicate the exact construction intended; that the 
materials which are to be employed are specified; that the pattern 
or die number is quoted if the part is made from a pattern or a 
die; that the series to which the drawing belongs and the number 
of the particular part are given, and that all other information 
required to enable the parts to be manufactured, without reference 
to the drawing office, is given on the drawings. If these points 
are attended to, the work is not only expedited, but the cost of 
manufacture is also reduced. 

In dimensioning drawings, care should be taken that the 
figures are quite distinct and clear of any lines, especially where 
the details are at all intricate or crowded, as may well happen if 
the scale is rather small or if section lines are used. It is 
preferable in such cases to re-draw the part to a larger scale on 
the same drawing than that obscurity should exist. All measure- 
ments should be inserted that are required to completely 
dimension the drawing, and they should be such as will be 
worked to in the shops; at the same time any unnecessary 
duplication is to be avoided, as tending to cause complication 
without serving any useful purpose. ‘The distances should be 
given from one flat machined surface or principal centre-line— 
in many cases the former is to be preferred—but everything 
depends upon the actual construction employed, as will not 
involve the addition of or subtraction of dimensions, so as to 
eliminate the possibility of error arising from mistakes made in 
so doing. 

4. Procedure in Design.—The procedure followed in originating 
a design varies somewhat in practice; but generally, the conditions 
to be fulfilled as to power, class and price as well as the principal 
foatures to be embodied are formulated by the designer in 
consultation with those with whom he is associated, and in 
arriving at any decision the structural and manufacturing 
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advantages or disadvantages attaching to the various alternative 
arrangements, methods of suspension, and construction of the 
different members will have received consideration. Such a 
survey is an important matter if the fullest advantage is to be 
taken of modern developments in construction and design, 
although it must be admitted that there will always be a natural 
bias in favour of the retention of a construction which past 
experience has proved to give highly satisfactory results. 

These particulars are then expanded so as to more completely 
specify the detail construction to be employed,.and the kinds and 
grades of materials which it is intended to use in the manufacture 
of the various parts are selected, after which the full specifications 
upon which the designs will be based may be drafted. 

When the design. of the constituent parts from strength or 
other considerations has been completed, drawings should be 
made to as large a scale as practicable from closely approximate, 
if not the actual dimensions, and such modifications or special 
features introduced as may be found to be either necessary or 
desirable for the improvement or reducing the cost of the engine 
or the chassis. These will practically determine the final con- 
struction and the principal dimensions of at least the first car of 
a type or series, but minor alterations may be subsequently 
required if any imperfection that it is desirable to remove is 
discovered. 

In the design of details the greatest caution should be exer- 
cised, as few parts can be regarded separately, but must be 
considered in relation to contiguous portions of the engine or 
chassis., For this reason it is desirable to make drawings show- 
ing every part of importance in position, taking care that such 
other parts as are essential to their efficient operation are also 
included, the limits of action being indicated so as to ensure that 
no moving member will foul another or have its motion limited 
with the chassis loaded or unloaded, and that sufficient means 
or opportunities for access and removal ave provided, so that any 
part that may require occasional attention can be readily dis- 
mantled with the minimum of trouble. Especially is this so in 
regard to the engine and the forward portion of the chassis, which, 
from the multitude of parts there assembled that change their 
relative position, require special attention in this respect. Care is 
also necessary to ensure that there is sufficient clearance over the 
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axles and propeller shaft when the springs are deflected to the 
maximum extent. It will be obvious that much of this will be 
unnecessary when the design is only a modification of a previous 
model. 

5. Considerations in Design.—It will be found that the con- 
siderations which determine the dimensions given to the various 
parts vary greatly in character, although strength is generally the 
dominant factor. Thus, rigidity may have, and often has, as much 
influence in the method of design, while occasionally appearance 
or symmetry or practical considerations will necessitate an 
increase in the size beyond that required for strength to resist 
fracture alone. Mass may also, sometimes, be of greater 
importance than any of these, as, for instance, in the flywheel. 

That the general basis of design would be the’resistance offered 
to fracture is only to be expected, and in this connection it may 
be noted that the desired strength may be obtained in two ways 
—either by increasing the amount of metal in the part under 
treatment or by choosing such a shape or section as will best 
resist the straining action to which it is subjected. But as one 
of the essential features of car construction is lightness, though 
this must always remain subservient to strength and rigidity, 
it is obvious that the latter method is much to be preferred. 
With regard to the conditions under which rigidity is of greatest 
consequence, it will be readily seen that undue flexure or distor- 
tion should be avoided where bearings are to be supported or 
where efficient working depends upon the correct alignment or 
relative motion of two or more members, such as is found in 
erankshafts, the transmission, the crank-case, the gear-box, and 
the cam mechanism. The bearing areas and the thickness of the 
water spaces round the cylinder afford two ‘examples where 
practical requirements limit the minimum dimensions — the 
former, because practice shows that with any given system of 
lubrication or kind of load, it is impossible to carry more than a 
certain intensity of pressure for a given period of operation; and 
the latter, because the jacket core cannot be made less than a 
certain thickness for any given size of cylinder without risk of 
damage to it in the process of casting. The shape and extent 
of a casting may also determine its general design, because of the 
attention which must be given to the facility with which it may 


be manufactured. 
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With many details, neither strength, rigidity nor practice can 
determine the dimensions, as the load may be either so small as to 
be quite negligible, or of such a character that its magnitude 
cannot be determined or assumed. Under these circumstances, 
an ey) for symmetry is of great value and may be cultivated bya 
studio 1s examination of contemporaneous design. This may also 
be app'ied to the complete chassis, as when well designed and pro- 
portioned it should have a pleasing appearance, in which there 
is an entire absence of any semblance of either cumbrousness or 
weakness. 

6. Standardisation.— With the object of reducing the cost of 
manufacture, a system has been instituted in many works under 
which certain component parts of a chassis are standardised. The 
standardisation referred to is that which relates to a particular 
works, not that which is general in the industry, and it operates 
in limiting the design, manufacture, and storage of a large number 
of sizes of flanges, pipe connections, pins, studs, bolts, nuts, rods, 
levers, etc. Such a system is to be highly commended, as it not 
only benefits the manufacturer in the directions indicated but 
also the owner and the repairer, since a large stock of these articles 
and spanners is rendered unnecessary, and the cost of replace- 
ment can be materially lessened. Great care is, however, required 
in deciding the proportions and sizes of the parts in the first 
instance, in order that a sufficient and suitable range may be 
obtained ; otherwise some may be unduly cumbrous and others 
too flimsy, having regard to the work they have to perform. 
Recourse will, therefore, be made to tables giving the principal 
dimensions of these parts before insertion in the drawing, and 
wherever possible the nearest size to that calculated will be 
generally used, always having regard to the particular service to 
which the part will be put. In some cases, cylinders, pistons, 
valves, axles, etc., have been more or less standardised or rather 
have been made suitable for several sizes of engine or chassis. 
This is to some extent desirable from the point of view of first 
cost, but it should not be allowed to restrict the design in any 
way, although such is generally the tendency, because any 
departure from the usual form necessarily involves an increased 
cost of production. 

Standardisation in regard to details has, however, made great 
progress in the industry as a whole, as not only have threads of 
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various sizes been standardised, but such parts as pipes, flanges, 
wheels, ball and roller bearings, keyways and shafts, spanners, 
lamp and step brackets, wheels and tyres, springs, etc., have also 
received attention at the hands of both the S. M. M. T. and the 
Engineering Standards Committee, the various bodies interested 
having representatives on these Committees. These efforts can- 
not fail to be of value to manufacturer and user alike, so long 
as the standardisation is restricted to details of which a sufficient 
range of sizes is provided, and a free hand is given to the designer 
to develop his general design. 

_ 7. Empirical formule.—A word of warning may here be given 
regarding the use of empirical formule, as too often one finds 
such a formula applied without discrimination to cases where 
both the conditions of service and the materials employed vary 
considerably and are entirely different from those under which 
it was originated. Kmpirical formule, as the adjective implies, 
are based upon experience as distinct from theory, although 
some may be shown to be rational and, therefore, are only of 
service where the construction is similar, the loads are of a 
like nature, and the materials used are of the same kind. To 
illustrate this, a connecting rod designed for an engine having 
a low speed of revolution is treated as a strut, and the inertia 
loading entirely neglected. But in a fast-running engine, such 
as is found in the modern car, the stress induced by the bending 
moment on the rod from its transverse acceleration may 
amount to as much as, if not be more than that from the load 
upon the piston; consequently, any formula which ignores this 
inertia force, though suitable for the first engine, would be 
altogether valueless for the latter. 

In some cases, however, on account of the extremely com- 
plex nature of the conditions, the use of empirical formule is 
compulsory, but great care is necessary in their application, as 
otherwise the result obtained will be quite valueless for design 
purposes. ae 

8. Metric Units.—In the subsequent chapters of this book it will 
be found that the ultimate tensile strengths and elastic limits of 
materials as well as the permissible stresses, are quoted in English 
units (pounds per square inch), but as the metric units are very 
frequently employed in design, the metrical equivalents in kilo- 
grammes per square centimetre have been added in brackets for 
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facility in working, while tables are given on pages 6, 7, 8, 9, 
and 10 in the Appendix of metrical equivalents of Hnglish 
measurements, ete. The procedure to be followed when using 
these units in designing a part is exactly similar to that shown 
in the text, provided that the loads and dimensions are in these 
units. The metric system of measurement has much to re- 
commend it for more extensive employment, as the troublesome 
fractions of an inch which continually recur in design and call 
for the exercise of one’s judgment are thereby almost entirely 
obviated owing to their comparative unimportance, while many 
of the specialities which are fitted are made to metric sizes. 
Not only so, but the liability to mistakes occurring in the shops 
is greatly reduced because of the elimination of the fractional 
part, although much might be and is, sometimes, done by the 
use of decimals in dimensioning drawings in English units. The 
greatest objection to the system seems to be that some men are 
not accustomed to working in these units, but this difficulty is 
not insurmountable, and when once overcome the benefits 
accruing therefrom more than compensate for el temporary 
inconvenience occasioned by the change. i 
In obtaining the sizes of bolts or studs it is often found 
that the use of the Whitworth thread reduces the sectional area 
so much, that a larger diameter than is desirable becomes 
necessary ; or that, Owing to the excessive vibration to which it 
is subjected, there is a possibility of the nut slacking back. 
Under these circumstances either a metric, a British Standard 
Fine, or.a special automobile thread is employed, and tables are 
given on pages 14 and 15 in the Appendix which should facilitate 
calculations. Metric threads for bolts and nuts are also often 
employed because of their extensive use in Continental makes of 
car, even where English units are employed elsewhere in the 
design; but this practice is not now so common as formerly. 


CHAPTER JI 
MATERIALS OF CONSTRUCTION 


9. Amone the many factors that have contributed to the 
success of the modern car is the excellence of the materials which 
are available at the present day, and for this reason the science 
of metallurgy is of the highest importance to the manufacturer 
and designer. The choice of a material for any particular part 
will be generally determined by the considerations referred to in 
Art. 5—strength, rigidity, lightness and good wearing qualities, 
as well as reliability—but the facility with which it may be cast 
or the ability to forge, weld, or press it into shape, are qualities 
that require attention when deciding what material shall be used 
in individual cases. 

Before proceeding further it will be well to define some of the 
terms used in the strength of materials. 

10. Definitions.— Stress is the mutual action and reaction 
between the particles forming the material which enables them 
to resist fracture. The intensity of stress is the load per unit of 
_ area to which the material is subjected, and is usually expressed 
in Ibs. per square inch. It is commonly referred to as the 
“stress.” There are three forms of stress—compressive, tensile, 
and shear. When the forces which produce the stress act 
towards each other and along the axis of the member, they 
induce a compressive stress in the material, but when they act 
away from each other the stress is tensile. A shear stress is 
produced when two equal and opposite tangential forces are 
applied to two surfaces in the material indefinitely near to each 
other; a familiar example being that of a riveted lap-joint—the 
part o the rivet between the plates is subjected to a shear stress. 

Strain is the deformation produced by a stress. A bar of metal 
under a compressive stress will decrease in length and increase in 
diameter: while if the load is tensile, the bar will elongate and 
decrease in diameter. The amount of shortening or lengthening 
is termed the “ strain,” and the alteration of length per unit length 
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is called the “intensity of strain.” The ratio between the intensity 
of stress and the intensity of strain is known as the Durect 
Modulus of Elasticity or Young’s Modulus. 

Hooke’s Law—Within the elastic limit of a material, the strain 
is proportional to the stress. 

Hence, oS af oe = EK = Direct Modulus of Elasticity. 

The angular movement in radians made by a line normal to the 
two planes when the material is subjected to a shear stress is 
called the shear strain, and the ratio between the shear stress and 
shear strain is the Modulus of Rigidity or Shear Modulus. Thus, 

Prear Sites — N = Modulus of Rigidity. 

The clastic limit of a material is the load per unit area which 
can be applied to it without causing any permanent strain ; most 
materials will, however, take a small amount of permanent 
deformation when first subjected to a stress. The elastic limit is 
generally from 40 to 50 per cent. of the ultimate tensile strength, 
but in many of the higher grades of steel it reaches 80 or even 
90 per cent. (See Tables VII.—IX. on p. 89, etc.) The elastic 
limit has a great influence in determining the stress which is per- 
- missible in design, being as important as the ultimate tensile 
strength, but because the commercial elastic limit may be arti- 
ficially raised by straining beyond the yield point it is not always 
relied upon as a proof of quality. A high elastic limit in conjunction 
with a good elongation and reduction of area, however, generally 
indicates a satisfactory material. In ascertaining the percentage 
elongation, the observed length should be, preferably, from 8 to 10 
times the diameter, as the local plastic flow from the larger mass 
of metal near the grips prevents a true estimate of the ductility of 
the metal from being obtained, when short specimens are tested. 

It has been stated that when a bar is loaded, the elongation is 
proportional to the stress up to the elastic limit; but shortly after 
this is passed there is usually an increment of strain without any 
additional load—this is known as the yield point or commercial 
elastic limit of the material. 

If a cube of metal of 1 inch side is acted upon by a pressure on 
each of its faces, as when placed within the cylinder of a hydraulic 
press, it willdiminish in volume. The volumetric change is called 
the “volumetric strain,” and this has been found to be propor- 
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tional to the pressure on each face, which represents the stress, 
The ratio betwéen this stress and the volumetric strain is known as 
the Bulk Modulus or Modulus of Elasticity of Bulk or Cubic 
Compressibility, and therefore 


= K = Bulk Modulus. 


Strain 

A bar of metal under stress becomes longer or shorter accord- 

ing as the stress is tensile or compressive, but this is accompanied 
by a lateral contraction or a lateral dilation. 

The relation between the lateral and the longitudinal strain is 


called Poisson’s Ratio and is designated by 2 


al 2N _ 6K-+ 2N 
o E—2N 8K —2N 


The following gives the values of and o for various materials :— 


1 
- o 
o 


Steel . ; ° . : 0°303 — 0°27 3°30 — 3°72 


Wrought iron . : : 0°278 3°6 
Cast iron . : 5 ; 0°31 — 0:23 3°23 — 4°35 
Copper and brass. ; 0°25 — 0°45 4:0 — 2°22 


The equations expressing the relations between E, N, and K 
are :— 


na 2NG@+1). _9NK 
oO 


38K +N 
ee ere ed 
ad Neely = oko 
ee ae RN 


3 (o — 2) 9N — 3H 
The ultimate strength of a material is the maximum load per 
unit of area that it can support before fracture takes place. The 
area of the section taken is the original sectional area of the bar. 
Failing more definite data, it may be generally assumed, with steel 
_of ordinary composition, that the ultimate strength in compres- 
gion is 0°9 and in shear 0°8 of the ultimate tensile strength. 
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11. Resilience—The resilience of a body is the amount of 
energy stored up in that body when loaded until the elastic limit 
of the material is reached. 

When a bar of metal is stretched, the magnitude of the work 
done is one-half the product of the load and the elongation. 
Thus, if W is the load, L the original length of the bar, / the 
strain, A its sectional area and p the ultimate stress produced in 
the material :— 


We pe 
Sera ih i 
Work done = . Wl 
__ pal 
~ QE 
pl 
but since W = pA andl = Th 
Work done = se x volume of the bar, 
and if f is the proof stress of the material, the proof resilience 
isto 
2 
_ x volume. 


12. Forms of sine Art. 10 it has been explained that 
when a material is subjected to a straining action, the stress 
induced may be tensile, compressive or shear; but it does not 
follow from this that the force producing the stress is necessarily 
pure tension, compression or shear. It is; therefore, requisite 
that the various methods of loading should be considered, viz., 
tension, compression, shear, bending and torsion. 

13. Tension. When a bar of metal is subjected to a tensile 
stress by a force P, the stress induced per unit area is found by 
dividing P by the cross-sectional area of the bar, so that the — 


intensity of stress, f, is equal to ee 

14. Compression.—In a similar manner the stress per unit area 
may be found when the material of which the bar is composed 
is in compression, provided that the ratio of this length to its 
transverse dimensions is small. When, however, a long piece of 
metal is under load, unless the distribution of stress is uniform, 
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that is, unless the load is axially applied, the column will bend, 
as one side of the section being more highly stressed will yield 
more, and this bending will still further augment the eccentricity 
of the loading by bringing the resultant thrust nearer to the side 
having the greater stres:, until at length the column fails 
through bending or buckling. In practice loads are seldom 
exactly central or symmetrical, neither are the end fixings 
exactly true, nor the material of a bomogeneous quality through- 
out, so that practically all columns fail under a lower stress than 
when subjected to pure compression. 

Several formule have been devised to represent the load at 
which such a column will fail; but that which is most generally 
adopted is due to Gordon and modified by Rankine. This formula 
is of an empirical nature, being based upon experimental work, but 
has a rational basis, and is applicable to many cases met with in 
automobile design. It is as follows :— 


ie 
Seat 


where P is the critical load in lb. or kilos, 
A the cross-sectional area of the column (in in.? or cm.?) 
l the length of the column in ins. or cms. 
a isa constant depending upon the material and the 
method of fixing 
k is the least radius of gyration, to be found from the 
equation I = Ak? 
The value of a for a steel column when hinged at both ends is 
it 


5000 ; when hinged at one end and fixed at the other * 9,000 = 
1 re i a. 
50,2500" when fixed at both ends = 36,000" J, is determined by 


the material of which the column is made and may be taken to 
be about two-thirds of its compressive strength. 

15, Shear.—In the majority of cases the part under considera- 
tion will be in double shear, that is, there will be two sections 
subject to a shear stress. For single shear the intensity of stress 
produced is found by dividing the load to which the pin or rivet 
is subjected by its cross-sectional area, In the case of double 
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shear, the total area over which the load is distributed is twice 
the cross-sectional area of the part, and therefore the stress will 
apparently be one-half of that produced by single shear, but 
owing to the bending which takes place along the pin, it is usual 
to consider it as being only 1? times as strong as a pin in single 
shear. The intcnsity of stress is therefore found as follows :— 

iE 

16. Bending.—When a horizontal beam supported at the ends 
is loaded by a weight or force P at some point in its length it 
will bend, the upper fibres of the beam being in compression and 
the lower fibres in tension, and 
resulting in the shortening or 
lengthening of the layers com- 
posing the beam. It will be clear 
that at some layer there will be 
no alteration in length, and since, 
within the elastic limit of the 
material, the stress varies as the 
strain, the distribution of stress 
will not be uniform over the whole 
sectional area, but decrease from 
a maximum value at the upper 
surface to zero at this layer (which is known as the neutral sur- 
face), and then increase to a maximum again at the lower surface. 
The line of intersection of the neutral surface with any transverse 
section of the beam is called the neutral axis of the section. 

17. Bending Moment.—The straining action at any particular 
section of a beam will depend upon the magnitude and point of 
application of the force or forces, the method of support and 
the distances between the section considered and the points of 
application of the forces. The tendency of these external forces 
to bend the beam at any section is termed the “‘ Bending Moment” 
(M); and is the algebraic sum of the moments of the forces acting 
on the beam on either side of the section considered. 


For example, take the case of a beam freely supported at the ends—a 
very usual condition—and carrying a single load W, as shown in Fig. 2, 
where the weight of the beam is small compared with W. We may proceed 
by finding the reactions at the points of support in the following manner— 
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Taking moments about the right hand end of the beam— 


Wi. 
WX & = RL and R= we 
also, taking moments about the left hand end of beam— 
V7 
W x 2, = R,L and R, = af 


Then the bending moment at any point P— 
= Rh, xX /— WU — 1) 
or = k,(L — 2). 

The maximum bending moment is at the point of application of the 
load and its magnitude is Ry x l, = R, x 4. 

The curve ABC represents graphieally the bending moment along 
the beam and may be 
obtained by finding 
the bending moment 
at the point of appli- 
cation of the load, 
setting up the ordinate 
DB from AC, so that 
DB represents the 
bending moment at D 
to some suitable scale 
and joining AB, BC. 
The bending moment 
curve will be formed 
by the two straight 
lines AB, BC, because 

Pie 3 the bending moment 

at any point is directly 

proportional to the distance between the point and the end of the beam 
on the same side of the load as the point is situated. 

If two or more concentrated loads W,, W., W;, . . . . are applied, as 
seen in Fig. 3, the curve of bending moment may be obtained as 
follows :— 

The reaction at the points of support may be determined in a 
similar manner to that already described, namely, by taking moments 
about one end of the beam. 

Then Ry <b = (W, X%,) + (We X 4) + (Ws x 4) 

and R, = W, + W. + Ws; — R,. 
The cites moment at B = W,(/, — J.) + W2(/, — /3) — Ry X 4 
er h(t = i). 
M.O.E. G 


> Sx 2 
S 
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The bending moment at C = W,(/, —/;) — Ry X Je 


or: Ri — 7 Wa ee 


The bending moment at D = R, x J; 
or = R,(L — 0,) — Wy(4, — 23) — Wa (le — 4s). 


At B, C and D draw BJ, CK and DL respectively perpendicular to 
AE to represent to scale the calculated bending moments at these 
points. Then the bending moment at any section will be given by the 
length of the ordinate between AE and the lines joining AJKLE. The 
curve of bending moment along the beam will be formed by straight 
lines between successive points of loading because the curve of bending 
moment for each separate concentrated load is formed by straight lines. 

The bending moment at any point P 


or = (R, X EP) — (W, x CP) — (Wy x DP) 


In some cases there are distributed loads as, for example, where the 
weight of the beam is considered. These may be dealt with after 
replacing them by their resultant, thus: Let it be assumed in Fig. 2 
that the weight of the beam is w per inch run so that the total weight 
is wh. This is distributed equally between the supports and the 


; wh 
reactions due thereto are therefore 5-. Hence R, now becomes equal 


2 
L Wl L 
a =F “ and R, is equal to ae aa a Then the bending 


moment at any point P will be :— 


} 
=Ri—W(i—1,) — wl x = 


or = R(L — 2) — wo(L — 2) (- ‘). 

It will be observed that the weight of the beam is replaced by two 
equivalent concentrated loads acting at the centre of gravity of the 
portions of the distributed load to the right and left of the section 
considered. 

The curve of bending moment for any number of loads may also be 
obtained by considering each load separately and adding the bending 
moment curves together, but it will, generally, be preferable to 
proceed as previously indicated or to make use of the funicular polygon, 
which will now be described in reference to the loading shown in Fig. 3. 

Draw a vertical line MR to the right of the diagram of loads and 
mark off MN to represent to scale W,, NQ to represent W, and QR to 
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represent W,; select any point O such that its horizontal distance from 
MN, the polar distance, represents, to some scale, the length of the 
beam. Join M, N, Q and R to O. Take any point A on a vertical line 
drawn through the left hand point of support and draw AJ, JK, KL 
and LE parallel to MO, NO, QO and RO respectively intersecting the 
vertical lines drawn through the points of loading at J, K, L. Join AE 
and draw XO parallel to AE. Then the bending moment at any section 
along the beam is proportional to the length of the ordinate between 
Ak and AJKLE. Its magnitude may be obtained by multiplying the 
length of the ordinate by the scale to which MR represents the scale of 
loads and then by the length represented by the horizontal distance of 
O from MR. The reactions, R,, R,, at the points of support are given 
to scale by the distances MX, XR respectively on the scale of loads. 
The line AE will not, generally, be horizontal as shown in Fig. 3, 
since its inclination is determined by the position of O relative to MN. 


The following table gives the maximum values of the bending 
moment and the maximum deflections of beams for a few of the 
standard examples frequently met with in practice. 


TABLE I. 
Maxi 

eee Method of Loading. Bending Phos 
3 
Fixed at one end. | Loaded at the other. WL 
Uniformly loaded with w 3 
Fixed at oneend.| lbs. per in. run so that ie ; oe 

wh = W. 2 
Supported at the ; : WL 1 Wi 
onda: Loaded in the middle. ji ig EL 
: , | Uniformly loaded with w VT3 
ae aie lbs. per in. run so that | ou Zee 
ends. ome 8 384 Hit 
: : : . WL Te 
Fixed at the ends. | Loaded in the middle. a 193 El 
Uniformly loaded with wy, ae 
Fixed at the ends. lbs. per in. run so that WL : 1 WL 
pcan 12 | 3884 EI 


The internal forces called into operation by the external forces 


c 2 
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pe) 


have also a moment about the neutral axis of the section, which 
is termed the ‘“‘ moment of resistance.” It can be shown! that if 
M is the bending moment in lbs.-inches, I is the moment of 
inertia of the cross section, f is the stress produced in the extreme 
fibres at a distance y from the neutral axis, then 


I 
Mi is Sav 
where Z is the modulus of the section. 
The neutral axis will pass through the centroid or centre of 


gravity of the section in a material equally strong in tension and 


compression. 
Table II. shows the values of Land Z for various ecross-seztions 


of beams :— 


TAELE TE 
ie He koe 
Form of Section. Moment of Mcd dus of oe 
Inertia. Section. ante 
—_ | = 
1 : 1 | L 
==. 1888 — BH? Be 
12 6 | 12 H? 
| 
Tv a e 
BZ D4 fou 5 1 
64 39 Tee 
Wee aS 
Sepia ™ D sate 1 
6a | eS) ( b Fee) 
v wv 
™ BA8 BA? 1 
64 32 is” 


™ CBAs — bat, | 7 (BAS — ba?) | 1 (BAS—ha® 
64 32 A 6\ BA—ba ) 


1 (BEE — bie 3(— a) 1 BH? — 728 
He 6 H 12 BH — bh 


| ore + Bra, |b (= + Bi) L DHS + BAS 
12 6 12 6H + Bh 


See text-books on Applied Mechanics, 
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18. Shearing Force.—When a beam is loaded in any manner, 
one of the conditions which must be fulfilled for equilibrium is that 
the algebraic sum of all the vertical forces, internal and external, 
must be zero. If all the external forces acting upon the beam 
are vertical, there is no horizontal component, and the algebraic 
sum of all the external forces on one side of any section is the 
‘‘ shearing force’ at that section. 


In the beam shown in Fig. 2 the downward force at D has reactions 
R and R, at the points of support, and therefore the shearing force at 
any section between A and Dis R,. Similarly, the shearing force at 
any section between D and C is — R. For a beam loaded as shown in 
Fig. 3, the reactions R, and R,, have been previously determined. Then 
the shearing force from A to B will be R; = W, + W, + W; — R,, 
from B to_C will be R, — W, = W. + W, — R,, from C to D will 
be R, — W, — W, = W; — R, and from D to E will be = — R,, 
These values have been plotted and are shown in the figure by the line 
AFGHSCTUVWE. Negative shear is taken as meaning, that the 
tendency of the forces acting is to cause the right hand portion of the 
beam to move downwards relatively to the left hand portion. 

We may also use the scale of loads shown in Fig. 3 for the determina- 
tion of the shearing force diagram by drawing horizontal lines through 
MNXQR. The line through X is the zero Ime AE, and AF = shearing 
force from A to B = MX = R,. Shearing force from B to C = BH = 
NX = MX — MN = R, — W,, and so on. 

If curves of bending moment and of shearing force are drawn it will 
be generally found that the bending moment will be zero where the 
shearing force is a maximum, and that the shearing force is zero where 
the bending moment is a maximum. It should also be noted that if a 
peam is symmetrically loaded by two forces, the shearing force between 
the points of loading is zero, 


19. Torsion.—If one end of a bar is fixed and the other end is 
acted upon by a tangential force, the bar will be twisted; so that 
if the bar be circular, a straight line drawn on the surface of the 
bar parallel to its axis will form a helix, making the same angle 
© with the generating line of the cylinder throughout its length. 
If N be the coefficient of rigidity, or the shear modulus of 
elasticity and f, is the maximum stress produced in the bar, then 
f, = N 9 because 9 is a measure of the strain. Thus, a radial 
line, J ins. distant from the plane from which the angle ¢ is 
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ie: 
measured will move throuzh an angle 0, where @ = Nao 
B60F.L . af 
circular measure or = aNd 18 degrees = the angle of torsion. 
rT xX 16 
From below (Art. 20) T = 16: ta aides — a 
Substituting the value of f, in the equation 
feb 
o> Nd 
\ es 2T X 161 
we have = —BNd 
ad4NO 
and is a tae 


Shafts subject to pure torsion fail through shear, so that /, is a 
shear stress and increases from zero at the centre of the shaft to 
a maximum at the circumference. 

20. Twisting Moment.—The twisting moment, or torque, on a 
shaft, is the moment of a force acting at right angles to a radial 
line through its centre perpendicular to the axis of the shaft. 
If a force F lbs. acts at a radius R ins. from the axis of a 
shaft, the twisting moment T, is FR lbs.-ins. If the units are 
kilogrammes and centimetres, then the torque is measured in 
kilos.-cm. 


The resistance of a solid circular shaft to torsion is es sabe: 


a , (Dt—d 
and of a hollow shaft ig ( D ) where D and d are the 


external and internal diameters respectively. Equating this to 
the twisting moment :— 


a ltd" 
Cai 

The moment of resistance of a square shaft to torsion is given 
by the expression 0°2088%/, where S is the length of the side of 
the square. 

The consideration of shafts subject to combined bending and 
twisting is reserved till later. 

21. Factor of Safety.—The factor of safety is the ratio between 

the ultimate strength of the material and the actual stress 


ey me = 
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employed in the design of a part. In workiug out the design of 
any piece of machinery the following questions have to be 
considered when determining the permissible static stress :— 


(2) The maximum load to which the part is subjected. 

(6) The ratio between the elastic limit and the ultimate tensile 
strength of the material. 

(c) The nature of the stress induced—whether tensile, compressive, 
or shear, or a combination of any of these. 

(d) The character of the load—whether steady, alternating, or 
fluctuating, and the rate at which the load is applied. 

(e) Any allowance that should be made for wear, possible defects in 
the material, unknown or indeterminate straining actions, ete. 


As regards (b) it is obviously essential that the stress to which 
any part is subjected under working conditions must not exceed 
the stress corresponding to the elastic limit of the material 
employed, in order to prevent any permanent deformation from 
taking place since this would directly conduce to failure. For 
ordinary carbon steels the elastic limit is roughly about 0°6 of 
the ultimate tens le strength ; but in many of the steels used in 
automobile work, the ratio is as much as 0°9, and sometimes even 
higher than this after being heat-treated. Hence it is necessary 
toallow a factor of safety of at least 1°66 for the former and of 1:1 
for the latter from this consideration alone if the working stress 
is deduced from the ultimate strength. 

The nature of the induced stress must also receive attention in 
arriving at a suitable factor of safety on account of the variation 
in the stress at which fracture occurs under the three forms of 
loading—tension, compression and shear—and because it not 
infrequently happens that the only information available relates 
to its tensile qualities. As has been stated in Art. 10 the 
approximate value of the strength of steel in compression is 0°9 
and in shear 0°8 of the tensile strength, and the factor of safety 
required from other considerations should therefore be divided by 
one or other of these values when obtaining the permissible 
working stress in compression or shear from the tensile strength 
data. 

Regarding (d), the researches of Wohler and others have 
clearly demonstrated that the failure of materials subject to either 
alternating or fluctuating stress occurs at stresses far below the 
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elastic limit under static load, and special attention is devoted in 
the succeeding article to the behaviour of materials when under 
these forms of stress. ‘The rate of loading is of importance, 
because when a load is suddenly applied to an elastic material it 
is caused to vibrate in precisely the same manner as would a 
spring if similarly acted upon—the amplitude of the vibrations 
being equally disposed on either side of the mean position corre- 
sponding to the strain which would result from a dead load 
of equal magnitude... The amount of the strain in either direc- 
tion is, however, equal to that which would be caused by a steady 
load, and hence the stress induced in the material, if the elastic 
limit is not exceeded, will be twice that produced by an equal but 
static load. In many cases, however, the load is not entirely 
dynamic, but is, in part, gradually applied. For example, when 
the inertia forces are negligible, the end thrust in a connecting 
rod during the compression stroke rises gradually to its full value, 
but the rate of increase in pressure upon the piston at ignition is 
extremely high—the load from the latter being about three times 
that from the former. Hence, the maximum compressive stress 
in the rod will be seven-fourths of the stress that would be pro- 
duced by the application of a steady load. 

Considerations of wear, the possibility of the presence of 
defects in either the material used or in the workmanship em- 
ployed in the manufacture of any part, especially as regards the 
former with cast metals and alloy steels, where lack of homogeneity 
or a variation in the heat-treatment accorded may seriously impair 
their tenacity ; together with unknown or indeterminate straining 
actions, such as internal stress, irregular distribution of the load, 
preignition, back-firing, etc., require that the stress employed in 
the design should be reduced in order to eliminate all risk of failure 
from any of these causes, The allowance that should be made 
will vary according to circumstances, and will, to some extent, be 
dependent upon the opinion of the designer as to what increase 
in the factor of safety is desirable, but in any case it should be 
fairly substantial, say, from 1°75 to 2°0 for materials which are 
thoroughly reliable and from 2°0 to 2°25 for castings and some 
alloy steels.. It will be seen that these values will give the factor 
of safety for steels to satisfy considerations (b) and (e) as rang- 
ing from 2°9 to 2°5—the higher value for the lower grades of 
steel—and about 3°75 for castings under a steady load, 
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From the preceding it should be quite clear that the factor of 
safety does not represent the margin of strength but rather the 
liability to failure, because all parts should be made equally 
strong. The necessity for working in this manner arises from 
the fact that it is not generally possible to ascertain the breaking 
load of all materials under the conditions which obtain under 
actual working conditions. 

22. Fluctuating and alternating stress :—The fatigue to which 
materials are subject when under prolonged alternating or 
fluctuating stresses much below the ultimate tensile strength is 
now more fully understood than formerly, owing to the extensive 
research that has been carried out during recent years in this 
particular direction ; but even at the present time the explanation 
of the phenomena exhibited by materials under these forms of 
stress is not altogether satisfactory, and several theories have 
been advanced in regard to them, of which the following is one 
that is now generally accepted. The elastic limit referred to in 
Art. 10 is that which is obtained by means of a static test, and 
is sometimes referred to as the “ primitive elastic limit.” This 
elastic limit is, however, capable of being varied by straining and 
is artificially raised by the operations incidental to manufacture ; 
but it has been shown by Bauschinger,' and to a large extent 
confirmed by later experimenters, that when a material is sub- 
jected to prolonged alternating stresses, new elastic limits in 
tension and compression are obtained, called the “ natural elastic 
limits.”’ These he regarded as the limits of stress under an in- 
definite number of alternations, and they are lower than the primi- 
tive elastic limit; consequently, it is necessary to raise the factor 
of safety to prevent them from being exceeded in practice. 
Readers should study carefully the subject-matter of and the dis- 
cussion on the papers referred to in the footnote to this page. 

Irom the experiments made by W6hler,' Bauschinger,’ Stanton 
and Bairstow,? Arnold,® Reynolds and Smith * and others,’ it has 
been shown that the limiting stress is more dependent upon the 
range of stress than upon the maximum intensity of stress. As 
regards the effect of speed, the rate at which alternations occur 

1 Unwin’s “ The Testing of Materials of Construction.” 
2 Proceedings Inst. Civil Engineers, 1906, Vol. CLXVI. 
8 Transactions, Inst. Naval Architects, 1908, Vol. L. 


4 Phil. Transactions, Royal Society, 1902. 
5 Proceedings Inst, Mechanical Engineers, 1911, No. 4, 
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has apparently but little influence in causing the failure of the 
material, although Osborne Reynolds,’ found a tendency to 
reduce the resistance offered by the material at speeds of from 
1,300 to 2,000 alternations per minute. On the other hand, the 
experiments conducted by Professor B. Hopkinson? show that at 
speeds of 7,000 alternations per minute, the effect produced is in 
a directly opposite direction. This he attributes * to a reduction 
in the amount of the small slips that occur in the material when 
the stressexceeds the elastic limit and, consequently, in the 
damage done per cycle of strain. When the cycles are performed 
sufficiently slowly, the same amount of deformation is produced 
irrespective of the speed, but when the speed exceeds, say, 2,000 
revolutions per minute, the material has not time to flow to the 
full extent and hence the “ cyclical permanent set” is reduced. 
Attempts have been made to connect the limiting stress with 
the elastic limit or the ultimate tensile strength, but so far they 
have not proved very successful. The equation expressing Ferber’s 
relation * is probably most closely in accord with observed results: 
It is as follows :— 


aT ina — = ls Vp? a=) ya p. 


Where A is the range of stress, p the ultimate tensile strength 
and n is a variable depending upon the nature of the material. 
For a steady load A = 0 and fax. = p; for a load fluctuat- 
ing between a maximum value and zero, A=/f,y = 


2p (Vv n? + 1 — n)and for an alternating load in which the com- 
pressive stress equals the tensile stress A = 2f,,. and frax 
= z. For an alternating load in which the ratio between the 
tensile and compressive loads is as a is to 1, A = (1 + &) fina. 
and nm, = 7 Vp? — mp Fa)fi For a fluctuating load 
where the ratio of maximum to minimum load is 1 to a, 


Di (1 = 2) inn and Jmax. — Lee Vp? = HYD (1 ae x) he 


The value of n varies as has been previously stated, with the 


1 Phil. Transactions, Royal Society, 1902. 

2 Proceedings A, Royal Society, Vol. UX XXVI. 

8 Proceedings Inst. Mechanical Engineers, 1911, No. 4. 
4 Unwin’s “The Testing of Materials of Construction,” 
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material employed. From the experiments carried out by Wohler, 
the results of which are confirmed by later investigators, it is 
concluded that n for ductile materials is about 1°5, while, for less 
elastic qualities it approximates to 2 Thus for mild steel of 26°6 
tons ultimate tensile strength it is 1°58, for 52 tons Krupp axle 
steel it is 1°83, for untempered spring steel of 57°5 tons it is 2°14 
and for a 39-tons steel rail n = 2°0. It will be observed that the 
value of n is not dependent upon the ultimate tensile strength of 
the material but upon its ductility and toughness, and generally 
it may be assumed that the greater the elongation, the smaller 
the value of n. 

The following table is given in order to illustrate the effect of 
the method of loading and the variation in n upon the maximum 
stress causing fracture after an indefinite number of alternations 
of stress :— 

TABLE III. 


Gis Steady Load.| Load varying between | Tensile and Compressive 
a Maximum and Zero. Load equal. 

(1) (2) (3) 

15 p 0°605 p 0°333 p 
1°6 p 0°574 p 0°313 p 
Atl yp 0°544 p 0:294 p 
15S p 0°518 p 0°278 p 
£9 p 0°494 p 0°2638 p 
2°0 p 0°472 p 0°250 p 
21 p 0°452 p 0:238 p 
2°2 p 0°438 p 0°227 p 


It is clear that if the factor of safety used for design of struc- 
tures subject to a steady load to allow for the considerations 
mentioned in Art. 21 (b) and (ce) is 2'9 and that n = 1°8, then for 
any part loaded as in col. 3 of table, the factor of safety should be 
5°6,and if as in col. 4, 10°4. 
~ From what has now been stated, it should be clear that in 
selecting materials for use in parts which are subject to alternat- 
ing or fluctuating loads, the ultimate tensile strength is not the ~ 
only quality to which attention must be paid, as a material 
having a high breaking stress may require the use of such a 
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factor of safety in design as will nullify its advantage in this 
respect over another metal that has a lower ultimate tensile 
strength but a greater percentage elongation and a higher elastic 
limit. 

23. Impact Tests.—In selecting materials for use in ordinary 
engineering work, it is usually sufficient to ascertain the ultimate 
strength, the elongation, the reduction of area, and occasionally 
the angle through which a piece of the material may be bent or 
twisted when cold, as these indicate the physical qualities of 
strength and ductility. But where the loads to which the material 
will be subjected in use are of a dynamic character these static 
tests can be advantageously supplemented by an impact test. 
There are many forms of impact testing machines, but, in general, 
the specimen is fractured either by a single blow or by a 
succession of blows from a falling weight, the energy absorbed 
during fracture being the measure of its ability to withstand a 
suddenly applied load. 

In order, however, that the results obtained for various 
materials may be comparative, it is necessary for the tests to 
be made in the same or an exactly similar machine. For 
particulars of the machines used, and the manner in which the 
test is carried out, the reader is referred to text-books on the 
strength of materials.! 

24. Hardness Tests.—Materials may also be subjected to another 
form of test for the purpose of determining their degree of 
hardness. This quality is desirable when the part must be 
capable of resisting wear, at crankshaft journals and pins, for 
instance, as once a good smooth surface is produced a journal will 
last for a considerable period without perceptible decrease in size, 
while the glass surface will conduce to a reduction of the fric- 
tional losses. The test is also especially of service for determining 
the carbon content of steels and the uniformity of temper and 
the examination of the effects of the heat treatment or cold 
working of steel. 

Tests are carried out either By. indentation or by scoring, 
Brinell’s ball-impression test being probably that which is the 
more frequently employed. In the former an indentation is pro- 
duced in the surface of the material by means of a hardened 


1 See Unwin’s ‘‘ Materials of Construction,” or Morley’s “ Strength of Materials,” 
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TABLE V. 
ULTIMATE TENSILE STRENGTHS, ETC., OF NON-FERROUS ALLOYS. 
; Specifi Ultimate astic gati duction 
Material, Gravity. | Tensile | Timi, [onan | ‘ot Area. 
Phosphor Bronze Co. Tons per | Tons p:r | Per cent. | Per cent. 
Phosphor Bronze. sq. in. sq. in, 
Chill cast bars—Cog wheel 
brand . 5 : : —_— 23°21 14.95 3 in 8” 34 
Rolled—Cogwheel brand — 40°34 40°34 9 22°6 
Willans & Robinson. 
Cheaper grades of Phosphor | ee , oes 
Bepuee cast by Eatonia | = aire ee eh 5 316 
process J ; : 
Gunmetal cast by Eatonia 
process . . c = 20:0 70 50 = 
Muntz Metal Co. 
was “ee 
Manganese Bronze. i pus 28°66 * 39 a 
Rolled Bar We ale ees eee = 
3 ; 13” dia:| 23°73 = 27°5 — 
Aluminium Bronze 10°/, Al— 
Hot rolled — 32 — 50 — 
Cold drawn _— 45 — 20 — 
MA,6 Alloy Bar 8°, Al. = 45 to 50 — 25 to 35 -= 
im . Castings —_— 20 — 5 to 10 — 
Vickers, Ltd. 
Duralumin—Quality A 2°38 about] 26:0 13°35 | 21 — 
Quality D .|2*8about| 292 16°5 18 30 
Sterling Metals Ltd. 
Aluminium Alloy. ; 2-96 10 5 5 to7 os 
* » Special — 15'8 9 1 — 
Muntz Metal Co. 
Aluminium Alloy A.M. 2°99 13:33 = 22 — 
INOm eee 228 6:0 —_ 14 —- 
ee, . | 2 85 7:0 — 10 — 
” 3 6) 248) 100 — 2 ass 
aed . | 3°0 12:0 _ 2 = 
By a) . | 3°08 13:0 — 2 — 
x 1G aul) 16:0 — 1 = 
a SaeeO 20:0 — 1 — 
oa 8 . 12075 9:0 — 3 — 
Hot rolled and cold drawn, 
90°/, Al. 10°, Zn. -- 14:0 — 15 — 
M.A. Alloy Castings, 
QbiOPAll aime ¢ Sal eReE 75 — 2 to 4 = 


steel punch or ball, the force producing the depression being pro- 
vided either by a certain mass falling through a known height, or 


by a definite static pressure. 


The depth, area, or volume of the 


indentation caused by the punch or ball is then measured, and 


from it the hardness factor may be determined.! 


It is claimed 


that there exists a relationship between the ultimate tensile 


1 See Unwin’s ‘ Materials of Construction,” or Morley’s “ Strength of Materials.” 
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TABLE VI. 


SPECIFICATIONS FOR IRON AND STEEL ISSUED BY THE AMBRICAN SOCIETY OF 
AUTOMOBILE ENGINEERS. 
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Specifi- 
ati ot: Materials ‘ar Man- Phos- | Sul- Chro- =: 
No. ae Ogee: ganese. [phorus.| phur, | mium, | Nickel. Remarks. 
1010 | 0°10 Carbon Q05— 15] *80—60 015° 05* — . 
1020 | 0-20 Carbon te oy ee A oe ee = = |} eee borden 
1025 }0°25 Carbon =. *"20— °30] *50—"80 — — 1 
1035 |0°35 Carbon. 30— 40) ks = = Mae STORY 
1045 | 0°45 Cirbon 45— 50 es : zs = = 
1095 | 0:95 Carbon 90—1:0 | 25-50] -04* ‘s = eee tt 
1114 | Serew Stock OS— 20] *80—:80| -12* 1-06—-12 Sie ee 
1235 | Steel Castings *30— 40] *50—'80} *05* “05% 10 —°30 Silicon 
2315 "15. C., 3°5 Ni. *10— +20 a “O4* “045% —_ 3°95—3°75 For case hardene 
> AT: ~ Ing. 
2320 20 C. 3°5 Ni. “"15— °25 3 An ) == 5 a case harden- 
. apes Cant Soe - ing or heat 
2340 | “40 C. 8:5 Ni, "35-45 | M i = u Aa a tesa 
en ae a ae ea en ” » » *45— °75/1-00—1°50} ): For case Banden 
3130 | 30C. Ni. Cr. ‘25— 35; a xz z ogee 
ae 35 C. Ni. Gr “20 -40 ” ” ” ” ” reatment. 
3135 Reis - ” ” ” ” ” For heat treat- 
3140 ‘40 C. Ni. Cr.. “B5— “45 ” ” ” ” ” ment, 
3220 | -20 CG. Medm. Ni. Cr.| -15— °25| -30—-60 re -04* | -20—1:25 11-50 —2-00 For case harden- 
pa 
3230 | :30 0. Medm. Ni. Cr.| -25—-35| _,, i id . =e 
3240 | -40 C. Ni. Cr. . ‘35— 45 a8 a | 90—1:25 i For heat treat- 
3250 | °50C. Ni.Cr. . *45— °55 “3 i ie . a ment. 
X3315 | °15C. Ni. Cr. . “10— °20 10—*20 re 95 60— °95|2°75—3:'25 
3320 | +20 C. Ni. Cr. ‘15 -25| 30—60| ,, > oR here case harden- 
ing. 
X3335 | -35 C. Ni. Cr. $30=—6 401! 65—75illa ,, » | 60— -95)2°75—3:25 = 
3340 | -40C. Ni.Cr..° .| -35— -45| -30—-60| -04* | -04* |1:25—1-75|3-25—3-75 a eee treat- 
X3350 | °35C. Ni. Cr... ‘A5— "55 | 745—"75| _ 4, | 60— “95]2-75—8-25 ao 
5120 | °20C. Cr. , . | (15— 725 ae D "045% | *65— °85 = Silicon -20* 
5 Silicon *15—-50. 
5140 | -400.Cr. . «| *85— 45] -25—-50| e is ss mee oe 
60—"80 } Silicon as 5120. 
3 | 65C.Crn . «| GO— 80] 25% — 
nag oe 43 eee ”? oe 2 } Sllicon as 5120. 
5195 | -950.1:0Cr.. . | ‘90—1:05} 20-45] -03* | -03* | 90-110) — 
51120 1:20 CLO Cri: rs 1°10—1°30 a ey Pn A = For ball and 
5295 *95 C. 1:20 Cr. . | *90—1°05 ” . a 1°10—1°39 = roller bearings. 
52120] 1°20 C. 1°20 Cr. . {L°10—1°30 re ” ” ” — 
‘12+ Vanadium. 
6120 | -20C.Cr.V. . «| “15— 25] Bo—so]| -04* | 04" | 70-110} — Cores 
ing or heat 
treatment. 
6125 SOHiG. OnwWs -« *20— +30 ” ” 2 ” Say 
6130) | :30°@. Cr. Ve. *25— *35 ” ” ” ” = 
Giga ie sao. Or. Vi. *30— °40 os _ oe rr _— 12} Vanadium. 
6140 | -40C.Cr.V. . *B5— °45 ny AA 50 Ay _ Heat treat- 
6l45, | *45'C.'Cr, Vi. « “40— *50 . of ha ei — ment. 
6150 A) Gn Or Noo. + | 40— 55 ” ” ” M7 = 
6195 ODIO. Ors Vin. *90—1°05 | *20—"4 *03* 03* | *90—1'1 _ 
. 150—2°00  Sili- 
9250 | Silico manganese *45— 55] *60—'SO0} ‘04% *40* —_ _— con. Heat 
treatment. 
296 | Valve metals (No. 1) _ — — — _ 96* — 
230 | Valve metals (No. 2) *50* 1°50* ‘O4* 04% - 28—35 | Remainder Iron. 
Total. 
Combined C. = 
Grey iron castings . |3°0 —3°5 | *40—'70|'60—1°0) *10* = — ‘40—70.  Sili- 
con 1°75—2°25, 
Malleable iron . _ *30—"70 | *20* *06* — _ Silicon 1:0.* 


* Not inore than, 


+t Not less than. 


Ni. Nickel, Cr. Chromium, V. Vanadium, C. Carbon. 
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strength and the hardness factor such that the former may be 
ascertained by multiplying the latter by an empirical constant, 
but the variation in the numerical value of the constant, accord- 
ing to the heat treatment it has undergone, would appear to 
considerably limit its usefulness in this direction. 


MATERIALS. 


25. Iron Ores.—Iron and steel, which are so largely used at the 
present day in all classes of engineering work, are obtained from 
certain substances called iron ores, which are compounds of iron 
with oxygen, water, sulphur, and earbonic acid. The principal 
ores of iron are magnetic iron ore, red hematite specular ore, 
brown hematite, spathic iron ore, clay ironstone, and black-band 
ore. These ores, with the exception of the red hematite and 
magnetic, are broken up and subjected to a process of calcination 
or roasting during which some of the moisture, some sulphur 
and carbonic acid gas is driven off, the ore being thereby rendered 
more porous and therefore more easily subject to the reactions 
that take place in the blast furnace. The removal of a portion 
of the sulphur is sometimes assisted by the use of a steam 
jet, the hydrogen in the steam combining with the sulphur to 
form sulphuretted hydrogen. 

In order to reduce the iron ore it is smelted at a very high 
temperature in a blast furnace, where coke is generally used as 
the fuel because of its great strength to resist crushing and its 
high rate of burning, and a blast is introduced near the bottom 
in order to obtain a greater heat. It is very important that a 
uniformly high temperature should be employed in smelting, 
iron ore, as great variations in the physical and chemical pro- 
perties of the iron occur even when the temperature varies between 
narrow limits. Limestone is generally employed as the fluxing 
agent to increase the fluidity of the slag which results from its 
combination with the ash and the acid earthy matter, etc., which is 
always present in the ore in varying proportions. . This slag floats 
on the surface of the molten metal and is drawn off at the bottom 
of the furnace. The flux used is always in excess of that required, 
as it has a beneficial effect upon the metal by absorbing sulphur 
contained in the ore and the fuel, and which is objectionable 
since it produces “ hot-shortness,” that is, the iron is unwork- 
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able when hot. When commencing operations, the lower part 
of the furnace, known as boshes, is filled with a quantity of wood 
and coke, and then covered by alternate layers of fuel and of ore 
and flux—the quantity of the latter gradually increasing as it 
nears the top until the full charge is attained. In about 16 
hours after starting, the iron commences to flow, and successive 
charges of fuel and of ore and flux are added as necessary to 
maintain the level in the furnace as the fuel is burnt and the ore 
is melted. ,In the vicinity of the tuyeres which convey the hot 
blast into the furnace, the carbon in the fuel is burnt to carbon 
mon-oxide which, passing through the successive layers of ore 
and fuel, combines with the oxygen in the ore to form carbon di- 
oxide. The amount of carbon mon-oxide present is, however, 
always in excess of that actually required to completely reduce 
the iron, so as to prevent any oxide of iron from remaining in the 
metal, and hence there is a considerable quantity of this gas in 
the gases leaving the blast furnace. As the ore passes downwards 
through the furnace it is first reduced to iron in a more or less 
viscous state by the combination of the oxygen in the ore with 
the carbon from the fuel, but by the time it has passed the com- 
bustion zone and reached the hearth it has become sufficiently 
fluid through the absorption of carbon (up to about 4 or 5 per 
cent.) to allow it to be run from the furnace through what is 
termed the ‘‘ sow,” from whence it is distributed by lateral 
channels and cast into “‘ pigs.” 

The pig-iron is now in a very impure state, and contains 
sulphur, phosphorus, silicon, manganese, etc., while the carbon 
is present both chemically combined and as graphite or free 
carbon in varying proportions. The percentages of these two 
forms of carbon in the metal determine the grade of iron to 
which the pig belongs. The grading of the pig-iron is not, how- 
ever, universally the same, as in some localities there are five and 
in others seven grades of iron, but the lowest number is always a 
grey iron, which is soft, while the highest number is a white iron 
and is hard and brittle. One or more of the intermediate grades 
is termed a mottled iron. These terms—grey, mottled and white 
—are applied to the irons according to the character of the 
fracture obtained from them. The formation of grey iron is 
facilitated by the slow cooling of the molten metal, as then the 
carbon separates out, whereas if quickly cooled a greater percen- 
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tage remains in chemical combination with the iron. In the 
grey irons from 0°8 to 0:06 per cent. of carbon is combined and 
from 2°6 to 3°5 per cent. is free; in the mottled, from 1°4 to 17 
per cent. is combined and from 2°2 to 1°5 per cent. is free, and 
in the white irons from 2°5 to 8°2 per cent. is chemically com- 
bined and about 0°1 or less is free. Usually a mixture of the 
greyer irons is used for foundry purposes, while the white irons 
are converted into wrought iron. The constituents of the pig 
will vary largely with the district and the country, but the follow- 
ing table shows the results of a typical analysis of foundry 
irons— 


popes oe Silicon, Phosphorus.| Sulphur, Manganese. 
Brom) 2. 0-15 310 3-0 1:2 05 0:02 
To “oo 0°80 2°8 2-4 1:0 1:0 0-10 


26. Cast Iron.—The composition of the iron used for a casting 
depends upon the relative importance attributed to wearing 
qualities, hardness, strength, density, etc., and upon the intricacy, 
thickness or extent of the casting, for to obtain perfectly sound 
castings it is imperative that it runs well in the mould. These 
qualities can, to a large extent, be controlled by regulating the 
quantity and condition of the carbon and the percentage of 
metalloids present. It is necessary, therefore, to examine the 
effects produced by the various constituents on the characteristics 
of the metal. 

Within ordinary limits, as the percentage of carbon in a com- 
bined form increases, so does also the strength, hardness and 
density of the casting, but the metal also becomes more brittle. 
An increase in graphitic carbon has, however, directly opposite 
effects, but it tenders the metal more easily cast because of its 
greater fluidity. Thin castings would tend to become harder 
during casting on account of the high rate of cooling were it not 
for the presence of a higher percentage of silicon to give greater 
fluidity in the mould. 

Silicon alone operates as a hardening agent, but since it also 
acts upon the carbon by increasing the proportion in a graphitic 
form and thus making the final product softer, its relative effect 


MATERIALS OF CONSTRUCTION 35 


depends upon the proportions of this element in the metal. 
With the percentages that are usually present, however,—from 
1 to 2 per cent.—it appears to have little effect upon the hard- 
. hess of the metal, but greatly assists in giving fluidity during 
casting operations. Thus raising the silicon content will soften 
a white iron. 

‘Phosphorus also gives greater fluidity, and although often 
regarded as an objectionable constituent, is not generally harmful 
but beneficial if not more than, say, 1 per cent. is present, especi- 
ally in very thin castings. It increases the hardness slightly, 
whitens the iron and lessens the tendency to form blowholes by 
giving a longer time for the escape of gases before the metal 
solidifies, but it decreases the strength and causes the metal to 
become “ cold-short.” 

Sulphur generally has a hardening tendency through its action 
upon the combined carbon, which it helps to retain in the com- 
bined form having solidification of the metal in casting; but it 
should not exceed 0°1 per cent., since it segregates in the metal, 
forms blowholes and thus weakens the casting. It should be 
noted, however, that the effect of raising the sulphur content 
increases the strength for the metal. Casting is usually more 
difficult on account of the more sluggish action of the metal, and 
the percentage present generally increases with the combined 
carbon and during remelting. 

Manganese hardens cast iron by its action on the carbon, which 
it tends to keep in the combined form, thus correcting the action 
of silicon. It has been shown, however, that the addition of 
manganese up to 0°5 per cent. to an iron containing 2 per cent. 
of silicon has the effect of softening the iron; but if higher 
percentages of manganese are added, the hardening tendency is 
at once apparent. Manganese apparently stabilises the carbide 
of iron. It also reduces the quantity of sulphur by uniting with 
it to form manganese sulphide, which may be slagged off, and 
hence gives sounder castings, greater strength and fluidity. 

Vanadium is sometimes added to cast iron in small quantities, 
and is beneficial in that it appears to cleanse the iron from any 
oxygen or nitrogen which may be present, as well as assisting to 
keep the carbon in a combined form, thus raising the tensile 
strength of the metal. 


In the production of the cylinders of petrol engines, the 
D 2 
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following percentages will be found to give a very satisfactory 
casting :— 


Combined Graphitie Silic : a 
con. s pus. Sul Pi Manganese. 
Garbout Gicbont Silicon Phosphorus Sulphur anganese, 


About 0°5 2°8—3°0 About 1°5 0:6—0°7 0:075—0°2 1-0—1°5 


The Frodair Iron and Steel Co. recommend the following 
irons :— 


Brand. Ee Silicon, Phosphorus. Sulphur, Manganese. 
Frodair Sot doc 3°2 ileal 1:10 0-75 13 
Bearcliffe ... coe 35 1-0 03 0°12 1:0 
Norrfield Foundry ... 3°8 2-0 0 03 0°03 1-0 


The Frodair iron is a hard, bright, dense, close-grained 
cylinder iron, and gives sharp castings. Bearcliffe may be used 
for thicker cylinders when the metal is strong, tough and close- 
grained. Norrfield Foundry iron is used principally for castings 
other than cylinders and has an ultimate tensile strength of from 
12 to 18 tons. A mixture of 50 per cent. Frodair, 30 per cent. 
Norrfield and 20 per cent. scrap (that is, pig-iron once melted) 
has an ultimate strength in tension of about 16 tons, while a bar 
2" « 1” placed on supports 3 feet apart will carry a load of about 
13 tons. 

The ultimate tensile strength of cast iron used for ordinary 
work varies from 6 to 14 tons per square inch, while its compres- 
sive strength ranges from 25 to 70 tons per square inch, and 
therefore it is more suitable for use where great compressive 
strength is desired. It is evident from the value of E given in 
Table IV. that the elongation of cast iron is greater than that of 
steel, but this is only true for very low stresses, and on 
account of its extremely brittle nature, cast iron should not be 
employed for parts which are subject to shock or impact. 

The great facility with which it may be made to take any 
shape is one of the reasons why it has such an extensive use 
in all classes of engineering work and makes it very suitable for 
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cylinders, crank-cases, etc., which are often of intricate construc- 
tion. The excellent wearing properties of this metal are 
especially of advantage in the production of cylinder castings, as 
a hard, polished skin is soon formed by the movement of the 
piston which resists wear and has a low coefficient of friction. 
Cast iron has occasionally been used for worm wheels with highly 
satisfactory results as regards efficiency and durability. , 

In designing parts which are to be made of cast iron great 
care should be taken that all abrupt changes of form are avoided, 
corners should be well rounded and the mass of metal well dis- 
tributed in order that the metal may not be thrown into a state 
of internal stress in cooling due to unequal contraction. In: 
general this is easily arranged for, and should be observed even 
where the castings are subsequently subjected to an annealing 
process, as is often done in the case of large castings either 
before machining or after the outer skin has been removed. 

27. Malleable Cast Iron is produced from cast iron by removing 
some of the carbon. In the usual process the castings are first 
made in the usual manner and then subjected to a heat treat- 
ment in contact with red he-natite, during which a portion of the 
carbon in the outer skin is removed by combination with the oxygen 
in the reducing agent, while some of the combined carbon is pre- 
cipitated in the form of finely-divided graphite, thus giving a 
casting with a malleable exterior resembling wrought iron, and a 
core of brittle cast iron. In the ‘ black heart’’ process, used in 
some parts of America, the carbon is not eliminated but during 
the slow cooling which is a form of annealing, separates out 
in patches. The strength of castings made by the latter method 
is slightly less than those from the former. Castings generally 
lose some portion of the sulphur present. 

The depth to which the decarburisation extends depends upon 
the time during which it undergoes the heat treatment and the size 
of the casting. This varies from five tonine days. Such castings 
may be bent and will withstand heavy blows without fracture. 

The ultimate tensile strength of the material ranges between 
16 and 21 tons per square inch and the elongation from 3 to 7 per 
cent., although metal has been produced with a slightly increased 
tensile strength and about 12 per cent. elongation. The bending 
angle without fracture when cold varies between 45 degrces and 
18u degrees. 
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monsilonlests Torsion ie diameter, 
g. 
5 a 2s 
Grade of Steel. gS 3 ou op 
e688 | eee has Z 
5 Ba | 8S | ao |] aa = 
Tons Tons Per Per Tons Tons | Degrees, 
per sq. | per sq. | cent cent. | per sq. | per sq. 
W T. Flather, Ltd. in, in. in. in. 
Special Aale. As rolled 47°86 347 27°5 50°8 16°65 397 1,226 
Oil toughened 52°63 40°S8 24°0 47°0 27°6 47°8 -930 
“Ubas.” As rolled 2 .| 34°52 28°12 24°5 57°2 14°5 36°5 1,670 
Quenched 875°C.—cased 45". | 46°36 34°80 3°2 sl 39°6 48° 56 
Double quenched—cased 35" . = = = == 30°2 5 76 
Heat treated . fs =a = = 21°4 456 
3 % Nickel. As rolled . r 29°07 | 31°5 53°8 16°5 1,400 
Oil tempered 80°18 | 16°0 43°4 36°4 798 
Oil toughened . 90°87 14:0 42°3 — — — 
5 % Nickel. As rolled . 31°6 27°0 43°4 20°3 42°9 1,014 
Oil tempered 88°12 15°0 45°4 661 To°2 202 
Oil toughened . 8175 | 16°0 357 — — — 
* Nykrom.” As rolled. 61:07 145 384 32:5 ou 792 
Heat treated §3°42 | 20°5 £60 61-2 86°5 100 
Chrome Vanadium. As rolled 46°42 | 25:0 612 — — — 
Heat treated 10619 | 3°0 19°9 — _ —_— 
25 % Nickel for Valves. As rolled. 24°93 | 47°0 67°3 — — —_— 
Air hardening “‘ Nykrom”’ Gear . 96'S 12°5 3674 — — _ 
Vickers, Ltd. 
Nickel Chrome. Heat treated 45°6 19°5 63°6 33°5 49°2 1,252 
Guaranteed 40°0 20:0 60°0 — — — 
Case peg es a) Nickel Rot 28°0 33°0 65°0 _ — = 
Zz” bar quenched in boiling . oe ae 
4 seater fron 1,450° F, a } 30°0 32°0 100 = — ro 
Zz bar quenched in cold) Ay) ; on = 
S water trou 1,450° F, Ip 57°6 61°6 16-0 57°0 — — = 
8” bar quenched in cold) E : ae ; 
S water hls 1,450° F. i 81°6 65°6 15°0 51°0 = = = 
Case hardening Mild—core only . | 35 to 40| 22 to 25|33°0t030} 70 to 60 _— — ~— 


TABLE VIII. 


and 


STEELS USED IN MoTOR CAR CONSTRUCTION. 
S 2 j 
Ons iS) oe 5 
Maker's | Grade of Steel. ae 3 ae ES For what purpose 
Letter. & iB S| eee S Employed. : 
a Be S 
-_———__——_| sa S 
Tons Tons 
per per Pers) Per Per 
entonialiStecl Comeee sq. In. | sq. in. | cent: | cent. cent. 
TND | Nickel Chrome 95 100 12 31 | Air Hardened | { Worms and shafts, dogs 
TNDe | Nickel Chrome| 98 114 | 12 | 99 | Oil Hardened |{ sliding gears. > 
Ge ; . - Transmission shafts 

TNO | Nickel Chrome 75 85 16 52 Annealed light connecting rods, 
ay Rear ¥ : iS ecting rods, 
TNO Nickel Chrome 95 105 13 34 | Air Hardened steering levers 
TNO | Nickel Chrome | 100 110 12 31 | Oil Hardened other highly stressed 

, parts. 
TAP | Nickel Chrome | 438-5 55. 22 64 Annealed ( A oe 
TAP | Nickel Chrome] 86 | 118 | 13 | 33 | Air Hardened|, Propeller gears, dogs 

TAP | Nickel Chrome] 85 114 13 39 | Oil Hardened | driving shafts. 

’ ; Live axles shafts 
No. 8 Nicker 25 35 20 | 40 | Untreated |) highiy-stressed bolts 
No. 3 Nickel _L 40 45 95 45 Treated | and studs, connecting 

E 2 : rods, levers, 
TNC3 ee 26 33 35 65 Normalized f Camshafts, worms,cups, 
ardening. ones, bolts r - 
TNCB | Nickel ase | 0 oo | is | 61 @ased’ us| Weep eee oes 
3 ing | Gears differentials 

NUB ee for | 17-26 } 28-30 | 25-85 | 40-50] Normalized { shafts, ete., ball races 

ening art for light cars. : 

TSS 30-85 | 50-56 110.14] 20 | Normalized |{ Springs for motor omni- 


buses, motor lorries,ete. 


hee ee 
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TABLE VIIL.—continued. 


B ; I 
ee 25 fod} 8 |S. 
Maker’s : aye ER awo|] 8 $e For what Purpos 
Grade of Steel, q ga 3 OR or wha rpose 
Letter. ‘ 2 z p Zs 3 ea os Employed. 
Oa Bigpalh os 2) 
a mB | 
i] 
Poldi Steel Works :— 0°564" 
CNS {Chrome nickel dia. x 4” ) Crankshafts and shafts 
TBOS Ditto. t 
AUTO | Auto ‘5 
CNS | Chrome nickel 
TBOS Ditto 
AUTO | Auto 


TY3M | Nickel annealed 
W5W_ | Cast—annealed 
W6H_ | Cast—annealed 
W6W | Cast—annealed 


NI25 | 25 % nickel 
TY5M | 5 % ditto 
TY3M | 3% ditto 


TEI Chrome nickel annealed 


case hardened 


TY3W | Nickel—annealed . 


case hardened 
VAR | Auto—annealed 
case hardened 


CNL | Chrome  n‘ckel 
hardened 


ESL Special gear— 
annealed 
hardened 
tempered . 


Stahlwerk Becker :— 
NO30 | Nickel— 
annealed 
hardened 
guaranteed 
NO40 | Nickel— 
annealed 
hardened 
guaranteed 


NCO1 | Nickel chrome— 


annealed 
hardened 
guaranteed 


NCO2 | Nickel chrome— 


annealed 
hardened 
- euaranteed 


NCO8 | Nickel chrome— _ 


annealed 
hardened 
guaranteed 


NWO | Nickel tungsten— 


annealed 
hardened 
guaranteed 


” 
+” long 


” 


” 


” 


” 


worm © 


bo 
www Ro 


SEO a 


bo 
oO 


em bo 
oo 
ans 
oss 


ecko SSO 


Crore 
POD BOW 
IN wo 
WR AD 
oun 


EET) 
GH-1o 
Sous 
Ora oo 
“Te co 
oNnbw 


Qa 
own 
a 


C = Sabai 
SFR O-1-7 


ww 


eens 
SHS SHR 
WOM 
Dee 


one 


M0 or 
Sor 
oor 


subjected to bending 
and twisting. 

Axles, steering levers, 
\ connecting rods and 
parts subjected to 
bending and shock. 
Axles, steering gear, 
snafts, levers, con- 
necting rods, ete. 
Steel must not be 
heat-treated in Oy 
way. 

For valves of very hot 
J running engines. 

For yalyes of well- 
J cooled engines. 


For case hardening. 

Camshafts, gear 
r wheels, live axles, 
steering parts, gud- 
geon pins, etc. 


Gearwheels, pins, 

r cranks and_ other 
shafts. 

For hardening without 
casing. Gear and 

r other wheels, square 

shafts, etc., in heavy 

work, 


Steering parts, axles, 
and gear wheels. For 
use case hardened. 


sliding shafts, rollers, 
and cans. For use 
case hardened, 


Ve wheels, levers, 


Gear wheels, steering 
gears, ete., in heavy 
work. For use case 
hardened, 
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TABLE IXaA. 
STEELS USED IN MOTOR-CAR CONSTRUCTION, 


s ar 


: = 
oN .| a =| 2 =I F 
as Reet || ies ao APS 
Be | ss (e238) 8. / 88 | Bs | 2s 
Erand. B23 1438 |84a)| | sa] bal]oug For what Purpose 
Sse ese eee eal) ee lee Sy |) Ee, Hmployed. 
se (PR fale | 82) 22 | az 
a) ica) fs) ax 
<a a. 
& 


{| 
i 


Tons | Tons 
per per’ "| Per Per 
Deg. C} sq. in.|sq.in.| cent. | cent. 


Stahlwerk Becker, A. G. 
NCO2 500 ) 57 63 8 45 85 | 304 Engine shafts. 
(Nickel 550 | 45 50 12 58 | 145 | 244 | | Fr 1 P 
Chrome) | 600 |.38 | 45°| 16 | 60 | 200 | 221 | ( F7out and rear axles. 


NCO3 500 | 60 | 65 | 10 | 50 | 115 | 240 | | Parts subject to torsion and 
(Nickel 550 | 54 58 12 52 | 145 | 285] { bending. 
Chrome) | 600 | 47 54 14 55 | 180 | 250 Connecting rods, axles, etc. 
NCA 500 | 41 50 | 12 | 52 | 145 | 238 | Axles, shafting, etc. 


(Nickel | 6v0 | 38 | 45 | 15 | 58 | 170 | 212 || Axles, connecting rods, 
Chrome) | 650 | 35°] 41 | 18 | 60 | 200 | 191 | Jf steering gear, etc. 


NCAI10 500 | 62 70 10 45 60 | — J) 
(Nickel 600 | 50 57 14 55 | 115 | 270 Similar to NCA, 
Chrome) | 700} 43 | 50 | 18 | 60 | 145 | 227 
NCAV 600 | 57 60 10 50 | 100 | 290 
(Nickel : Gear wheels, cams, rollers, 
Chrome- | 650 | 50 57 10 54 | 110 | 275 ete. 
Vanadium) 
N ee Ce orem oe on): 28 |) 80), 205 | Gear wheels. Air harden- 
Chrome) | 760} — | 100| 8 | 25 | 50| 512|}) ‘8 
FS 600 | 99°6| 104 | 78 | — — Se lee 
650.1856! 91 | 90 \.— b=, | — 1s PPTDe® 


28. Wrought Iron.— Wrought iron is obtained from cast iron 
or pig-iron by removing practically all the carbon in a reverbera- 
tory furnace. ‘This is effected by heating the metal in such a 
manner that only the hot gases flow over the surface of the metal 
—ihe carbon is oxidised passing away as COs, and the greater 
part of the impurities are eliminated during the process. White 
pig-iron mixed with iron scrap is generally used, as the former 
does not become so fluid when heated, and while in this plastic state 
it is worked or puddled to facilitate the removal of the carbon, 
manganese, sulphur, phosphorus, silicon, ete. As puddling 
proceeds and the iron becomes purer, it forms into spongy 
lumps of iron and slag, which are removed while in a plastic 
condition, hammered to remove the slag, and then rolled into 
bars. The removal of the slag is not, however, entirely effected 
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even after rolling and fagotting, so that about 1°5 per cent. 
remains distributed between the fibres of the metal. 

To produce the various grades of wrought iron, these bars are 
cut up, piled or fagotted, re-heated and rolled or hammered again, 
each series of operations improving the quality of the material 
and resulting in the irons to which the commercial terras Mer- 
chant Bar, Best Bar, Best ee Bar and Treble Best Bar are 
applied. 

The percentage of carbon, which is combined, may amount to 
0-5 per cent. or even slightly higher, while phosphorus, silicon 
and sulphur are usually also present in very small propor- 
tions. 

29. Steel—The term “steel” embraces materials that are 
widely different in their mechanical properties, as is evidenced 
by a perusal of Tables IV. and VII. to [Xa. on pages 29 and 88—41. 
The differences are principally due to variations in their chemical 
composition and the heat treatment to which they are subjected, 
small variations in which having marked effects upon the results 
obtained from the finished material. 

As has been previously stated, wrought iron contains up to 
about 0°5 per cent. of carbon and cast iron from 1°9 to a maxi- 
mum of 4°5 per cent. ; steel, however, may include a material which 
has almost as low a percentage of carbon as wrought iron or as 
high a percentage as cast iron. 

In the very mild steels the carbon content ranges from 0°25 to 
0'4 per cent., and in steel used for forgings it varies between 0°3 
and 1:6 per cent., the harder steels containing from 1°2 to nearly 
2°0 per cent. of carbon. Though intermediate, however, in this 
respect, it is neither intermediate in strength nor in ductility, 
many of the modern alloy steels having an elongation in excess of 
that found in the best wrought iron (compare Tables IV. and VIL.). 

Steel may be made either from wrought iron or from east iron. 

In the Bessemer acid process, grey pig-iron is first melted in 
a cupola and run into a converter. An air blast is then sent 
through the molten metal for about twenty minutes to purify and 
decarburise the iron, the oxygen in the air combining with and 
eliminating the ican a little phosphorus, carbon, manganese, 
sulphur and carbon. At the commencement of the “blow” the 
air attacks the silicon and manganese, causing great heat to be 
generated and producing little observabl effect, the resulting 
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silica and oxide of manganese remaining in the converter as slag. 
The carbon is then acted upon by the air, producing CO. As the 
heat is sufficient to prevent CO from remaining stable in 
the body of the metal, flames of burning CO rise from its 
surface. The end of the decarburisation is denoted by the 
cessation of this intense flame, at which the blast is stopped 
and spiegeleisen or ferro-manganese added to impart the required 
percentage of carbon and to remove the oxides of iron formed 
during the ‘‘boil.” The blast is then sometimes continued for 
a few seconds to assist the complete admixture of the carbon 
with the iron and enable a more homogeneous metal to be 
obtained. Owing to the difficulties experienced with the removal 
of the sulphur and the phosphorus, only pig-iron produced from 
oves which are very free from these two elements can thus be 
utilised in the manufacture of steel. 

In order to enable the inferior ores containing higher percent- 
ages of phosphorus to be used, the Thomas-Gilchrist or Bessemer 
basic process is employed. The character of the steel produced 
depends largely upon its carbon content, and since carbon has a 
greater affinity for oxygen than has phosphorus, the phosphoric 
acid loses its oxygen by combination with the carbon, the phos- 
phorus uniting with the oxide of iron, and is not therefore 
eliminated. Further, if lime is added as a flux, since it combines 
more readily with silica than with phosphorus, the siliceous lining 
(ganister) of the converter will prevent the removal of the phos- 
phoric acid. Thomas and Gilchrist overcame this difficulty by 
employing magnesite or dolomite as a lining, as this is capable of 
resisting very high temperatures, being unaffected by the lime. 
With the Bessemer process, the high temperature obtained was 
largely due to the presence of silicon in the pig; but when using 
the lower grades of iron the percentage of silicon is greatly 
reduced and that of phosphorus is increased, consequently, as the 
temperature must be maintained in order to keep the metal fluid, 
the necessary heat must be supplied by the phosphorus, which 
may therefore be present in greater quantities with beneficial 
results. The presence of sulphur, however, in the pig precludcs 
the use of very inferior ores, as sometimes only about one-half 
the sulphur is expelled during the process. 

The actual operations in the converter are similar to those 
carried out with the ordinary Bessemer process except that blow- 
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ing is prolonged for a short time after the decarburisation of the 
metal has been effected, as it is not until the carbon has been 
removed that the phosphorus is eliminated. 

In the Siemens-Martin or Acid Open hearth process pig-iron 
and scrap are used, and in the Siemens process pig-iron and 
hematite iron ores. With the former the pig-iron and scrap are 
melted together in a regenerative furnace having a siliceous 
lining to the hearth, with limestone as a flux, and the carbon is 
eliminated by the oxidising action of the hot gases, while in the 
latter the decarburisation is almost wholly effected by the iron 
ores, and a large proportion of slag is produced. At the present 
time, however, the process is a combination of the two, in that 
pig-iron, scrap and ore are used. Pig-iron and scrap are first 
placed on the hearth, and when melted, the hematite iron ore is 
gradually added to oxidise the carbon, forming carbon monoxide 
and converting the silicon to silica. Very little sulphur or 
‘phosphorus is eliminated during the process, and hence it is 
essential for these elements to exist in but small proportions in 
the pig. When the molten metal is practically decarburised the 
required percentage of carbon is imparted by the addition of 
spiegeleisen or ferro-manganese, which are alloys very rich in 
carbon, the former containing not more than 20 per cent: of 
manganese and the latter up to 80 per cent. The latter may be 
added either in the furnace or as the metal flows into the ladle. — 
A small percentage of manganese is desirable, as it is found 
to improve the quality of the steel by removing the oxides of iron 
and increasing its ductility. 

Steel is also made by the basic open hearth process. The 
furnace used is similar to that employed in the acid process 
excepting that the siliceous or acid lining is replaced by one 
composed of dolomite, thereby enabling high phosphoric pig to be 
converted into steel, as in the basic Bessemer process. The 
removal of the phosphorus and the carbon is facilitated by the 
addition of the iron ore after melting down the pig and scrap, as 
in the acid process. The wear of the furnace with the basic 
lining is much greater than with an acid lining, as although 
‘limestone is spread over the hearth before the introduction ot 
the charge, some fluxing away of the lining always occurs. 

The open hearth processes possess the great advantage that 
‘the molten metal can be kept in a fluid condition on the hearth 
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until the desired carbon content is obtained, and hence the manu- 
facture is under better control than in the Bessemer processes, 
which are used principally in the manufacture of low-carbon 
steels. 

The molten steel resulting from these processes is run into 
ladles and cast in the form of ingots. When it is desired to 
obtain a steel for forging purposes, these ingots are piled or 
fagotted, placed in soaking pits to thoroughly heat them up and 
hammered or rolled to produce blooms or bars—the hammering 
and rolling improving the quality of the steel. For the produc- 
ticn of steel castings, the ingots may be melted directly without 
any preliminary rolling, but it is usual to add a small proportion 
of silicon to the molten metal in the furnace to facilitate casting, 
if such is intended. 

The ultimate tensile strength of these carbon steels varies 
greatly, increasing with percentage of carbon present, and it is 
important to note that as the percentage of carbon increases, 
so does also the difficulty experienced in welding and forging, so 
that about 1°5 per cent. represents the limit up to which it may 
be present in material for parts that have to be welded together. 
During this increase, however, the capability of being hardened 
and tempered develops, 0°6 per cent. being about the lowest limit 
at which this property is evident. 

30. Alloy Steels.—Steel has such an extensive use in all 
classes of engineering work on account of its high tensile strength 
and elasticity and the facility with which it may be forged or 
pressed into any shape. But in no class of work are these quali- 
ties so necessary as in automobile construction where the loads to 
which the various component parts are subjected are of an 
exceptionally severe nature, and where lightness is of such great 
importance, not only because of the considerations mentioned 
in Art. 248, Vol. I., but also because of the magnitude of the inertia ° 
forces at high engine or car speeds. For these reasons, pressed 
steel pistons, H-section connecting rods, pressed steel framing 
and axle casings, etc., have been introduced into the modern 
vehicle, but have only been rendered possible because of the 
excellent grades of steel which are now available for the use of 
the automobile engineer. 

An inspection of Tables VII. to [Xa. will, however, show that, 
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in order to obtain the full benefits which may accrue from the 
use of these steels, it is necessary to subject them to suitable 
heat treatments. ‘These vary greatly in character, as they depend 
largely upon the chemical composition of the material and the 
qualities it is desirable that the finished steel should possess, 
and hence it is not possible to specify a heat treatment as 
suitable for all grades of steel!; but, in general, it is necessary to 
‘heat the material above a certain critical temperature (from 
700° to 850° C. according to its composition), and then quickly 
cool it down in water, oil or a blast of air. This has the effect 
of fully hardening the steel, in which state it has a high elastic 
limit and ultimate tensile strength, but is too biittle for most 
purposes, and hence it is necessary to temper it at such a 
temperature as will bring out the desired qualities.* The degree 
of hardness obtained depends upon the rapidity of cooling 
through the critical range of temperature, and therefore upon the 
nature and the volume of the quenching medium. Water has a 
greater conductivity than oil, and this may be increased by the 
addition of salt to the water, and hence, will give a greater hard- 
ness than will oil. The temperature of the cooling fluid will 
also affect the degree of hardness, because the colder the water, 
the higher the rate of cooling. In tempering springs, baths of 
lead or lead-tin alloys are often used. The effects of tempering 
are exhibited in Table [Xa. p. 41, from which it will be observed 
that as the tempering temperature rises, the ultimate tensile 
strength, elastic limit and hardness decrease, the two former 
generally approaching each other, while at the same time the 
clongation, contraction of area and resistance to impact are 
increased, and hence the material becomes tougher. The 
critical temperature, or point of recalescence, above referred to 
is the temperature at which a change in the condition of the 
carbon in the steel takes place. In ordinary carbon steels the 
change takes place very quickly, and hence the necessity of rapid 
cooling, but the effect of the addition of chromium, tungsten, 
vanadium, etc., is to considerably retard this change, so that with 
some kinds of steel—called air-hardening steels—it is unnecessary 
to quench them, since they are self-hardening.- These are heated 
to slightly above the critical temperature and then allowed to 


1 A number of forms of heat-treatment have been standardised by the American 
Society of Automobile Engineers for use with various grades of steel, 
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cool slowly in air. Such steels are capable of being annealed, 
and can be obtained in varying degrees of hardness for 
machining. ‘The tenacity of some self-hardening steels after air 
hardening is raised to over 120 tons per square inch. Steels 
hardened in oil have a greater percentage elongation, contraction 
of area and resistance to impact than when quenched in water, 
and therefore oil is superior to water as a quenching medium 
for parts that are subject to shock or to varying stress. It is 
sometimes remarked that the results obtained from tests carried 
out on heat-treated specimens afford little indication of those 
possible of attainment in ordinary practice, and this may be 
true regarding very large forgings, but it is doubtful if it is, to 
any appreciable extent, applicable to the sizes of forgings used in 
automobile work. 

The principal alloy steels are those containing nickel, chrome, 
vanadium, nickel and chrome and chrome and vanadium, all of 
which, it should be noted, have a proportionately high elastic limit 
even though the percentage elongation is generally reduced after 
treatment. 

Nickel and nickel chrome steels are extensively employed in 
automobile work, and are obtained by the addition of varying 
percentages of nickel or chromium during the processes of 
manufacture which have the effect of raising the elastic limit 
and hardness factor without impairing the toughness of the 
material, but rather increasing it. 

Generally the nickel steels contain from 8 to 5 per cent. of 
nickel, although higher percentages, up to 10 or 12, are occasionally 
employed, but it is unusual to exceed the latter figure except for 
very special purposes, such as for valves from 25 to 30 per cent., 
since while the tenacity increases, the elongation, ete., diminishes 
very rapidly until about 23 per cent. is attained, and then the 
strength decreases and the ductility increases. The carbon 
content varies between 0-2 and 0°9 per cent., while inanganese is 
also present to the extent of from 0°3 to 0°8 per cent. This stecl 
is exceedingly difficult to weld up and requires expert and careful 
treatment in forging and pressing into shape. The nickel in the 
steel for valves is for the purpose of obtaining greater ductility 
and because it possesses remarkable properties in resisting the 
corrosive action of the hot gases in the cylinder. The main 
effect of chromium seems to be in the direction of hardening the 
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steel and developing certain self-hardening properties, and when 
used in conjunction with nickel it produces a steel that is widely 
used in modern cars in parts that are subjected to alternating or 
varying stress and shock. - The percentage of chromium present 
varies from 0°6 to about 3°5 or slightly higher in some instances, 
but more usually from 0°6 to 1°5. Messrs. Vickers, Ltd., quote 
figures which illustrate the ductility of their nickel-chrome steel 
under torsion, for whereas the elastic shearing stress relative to 
ordinary axle steel is as 1°95 to 1, the ultimate angle of twist at 
fracture is only as 0°89 to 1. Such steel is therefore suitable 
for crankshafts, camshafts, propeller shafts and axles, and may 
be used with advantage for connecting rods. These steels soon 
take a smooth hard skin at the journals which is conducive to 
long life. In some instances the chassis frames are made of 
nickel chrome steel; but these are very difficult and expensive to 
manufacture, owing to the elaborate processes through which it 
passes, and the costly nature of the dies, etc. 

Both nickel and nickel chrome steels are used for gear wheels, 
but in this case require to have a hardened surface in order to 
resist wear, and prevent noise occurring from imperfect action. 
This may be produced either by oil tempering or by case 
hardening (see Art. 32), but distortion is then almost inevit- 
able, and a somewhat better method is to employ self-hardening 
steels above referred to. 

Vanadium steels were, at one time, viewed with suspicion, but 
as the result of a considerable amount of research’ that has 
been engaged in, it is now realised that they form a group of 
steels, especially when alloyed in combination with chromium, 
that are unequalled for their resistance to fracture under 
fluctuating and dynamic loads, 

Vanadium is a most powerful metal to alloy with steel, as the 
addition of only 0-1 per cent. will increase the ultimate tensile 
strength by over 30 per cent., and the elastic limit by over 40 
per cent., producing a steel that is exceedingly hard and ductile, 
so that vanadium steel can now compete on very favourable 
terms with nickel or nickel chrome steel, containing 4 or 5 per 
cent. of nickel, notwithstanding the high price of vanadium. 
This improvement is largely produced by reason of its scavenging 
effect upon any oxides contained in the metal and from its effect 

1 See Proceedings Inst, Mech. Engineers, 1904, 
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upon the carbon, which it prevents from exhibiting any tendency 
to segregate. In general, it is usually used in conjunction with 
chromium, but sometimes with nickel and chromium, where it is 
added in the form of a ferro-vanadium, which contains about 
25 per cent. of the alloy, which, in a pure state is extremely 
difficult to melt. 

The percentage of vanadium present varies from 0°12 to 0:2, 
the former being used when the steel is case-hardened, while 
the latter is usually alloyed with about 0°8 to 1:0 per cent. of 
chromium or from 0°5 to 0°8 of chromium and from 1:0 to 1°5 
per cent. of nickel, the carbon varying between 0°12 and 0°15 
for the lower vanadium content and from 0°25 to 0°5 for the 
higher. Examples of these steels are given in Tables VII. and 
IX. on pp. 88 and 40. 

31. Annealing.—Annealing is one of the most important 
factors in the treatment of steels and it has the effect of bringing 
the material into a state of greater molecular uniformity, thereby 
removing internal stress due to unequal cooling or produced by 
cold working, rolling or drawing which harden the metal in a 
way which is quite different from the hardening produced by 
quenching; while at the same time, it renders the material 
sufficiently soft to enable it to be readily machined. It is 
especially required in parts that have been subjected to pressing 
operations and die forging because the plastic strains which the 
metal undergoes in different directions produces lines of cleavage 
along which the material has a tendency to fail. 

During the operation it is very essential to subject the 
material to the requisite temperature for a sufficiently long time 
in order to allow the heat to thoroughly soak into the metal. 
Annealing should always be carried out in boxes from which air 
is excluded, so as to avoid any possibility of the oxidisation of the 
carbon, especially with high carbon steels. ; 

Annealed specimens have not so great a resistance to shock or 
impact despite their increased elongation and contraction of area, 
because of the reduction which takes place in the elastic limit of 
the material. 

32. Case-hardening.—Case-hardening is often resorted to where 
the material is subjected to hard wear (such as with cams and 
gear teeth), and also to shock, which necessitates a tough, fibrous 
core. Both ordinary low carbon and nickel or nickel chrome 
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stcels containing a low percentage of carbon, say, about 0°15 per 
cent., may undergo this process, which is effected by the addition 
of a percentage of carbon to the exterior of the metal. The 
portion of the metal to be carburised is heated to a cherry red, 
preferably in a closed box, in contact with the nitrogenous 
mixtures, of which there are many in common use, for several 
hours—the duration of heating depending upon the depth to 
which carburisation is desired—and then allowed to cool slowly. 
Subsequent heating in a gas muffle and sudden cooling hardens 
the high carbon exterior; but in some cases this heating and 
previous slow cooling are not carried out, the chilling being 
effected on withdrawal from the casing compeund. Messrs. 
Vickers recommend the following method for casing their mild 
steel. After the steel has been heated at a temperature of 950°C. 
in a suitable mixture for several hours it is completely cooled off, 
and is hardened in one of two ways. In the first method it is 
heated first to about 900° C., and quenched in cold water, then 
reheated to about 780° C., and again quenched in cold water. In 
the second method the steel is heated only once to between 850° 
and 900° C., and quenched in cold water. Hither method will 
give a fibrous core, but the first gives the better result. The 
tensile strength, etc., of the core of a case-hardened mild steel 
bar § inch diameter are recorded in Table VIL, p. 38. 

For case-hardening their C.H.N. steel for gear wheels a depth 
of s inch is sufficient, and may be obtained by heating in the 
casing mixture at 950° C. for from two to three hours, and 
then permitting the box containing the article to cool slowly. To 
harden the now highly carburised exterior two quite different 
results may be obtained according to the temperature of the water 
in which the article is quenched after reheating, as is indicated 
by the results shown in Table VII. The effect of the diameter of 
the bar upon the resulting mechanical properties is also clearly 
established... Quenching in actually boiling water gives a rather 
softer skin and more ductile core than does quenching in cold 
water. When using the latter, the second heating should be 
carried to from 760° to 790° C., and before plunging into 
water the article should be allowed to cool a few degrees in the 
air, but the actual temperatures and the treatment given depend 
entirely upon the composition of the steel, and these particulars 
only apply to Vickers steel. 
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But since distortion is almost inevitable, and this is often 
accompanied by the development of surface cracks, which are not 
- removed é by the subsequent grinding and polishing, Messrs. 
Vickers have introduced their patented surface-hardening process 
for gears made of nickel chrome steel. In this method the flame 
from an oxy-acetylene blowpipe is rapidly drawn across the faces of 
the teeth of gear wheels, pe the popes ature of the surface of 
the teeth for a depth of from =; inch to 74 inch as desired. As the 
flame passes along an equally rapid fall & enivee ature takes place 
by the conduction of heat to the remainder of the tooth, resulting 
in the production of a dead hard skin free from any distortion. 

33. Bronzes.—These strictly consist of alloys of copper and tin, 
but sometimes one or more other substances are added. Of gun- 
metal there are many grades, which are used for a variety of pur- 
poses, principally, however, for small castings, and in its harder 
form, for certain bearings, the great characteristic of the metal 
being brittleness. The ultimate tensile strength of gunmetal 
ranges from 8 to 16 tons per square inch, from which it may be 
concluded that the composition varies considerably. Ordinary 
eunmetal contains from 86 to 88 per cent. of copper, 10 to 12 of 
tin, and 2 to 4of zinc; soft gunmetal about 92 per cent. of copper 
and 8 per cent. of tin; while a hard bearing metal may have 84 per 
cent. of copper and 16 per cent. of tin. Some founders partially 
replace the tin by antimony in small coatings with satisfactory 
results. The A.S.A.E. specification for red brass is 85 per cent. 
copper, 5 per cent. tin, 5 per cent. lead, and 5 per cent. zine. 

Phosphor bronze is largely used for bearings, worm wheels, 
clutch plates, etc., where sliding contact takes place, because of 
its excellent wearing properties under this condition, together 
with a fair measure of strength and elasticity, especially after 
forging or rolling and annealing. As cast it has a good percentage 
elongation, which is reduced sonrewhat by rolling, but may be 
restored by annealing. The metal is a mixture of varying propor- 
tions of copper, tin, and phosphorus, the latter being added in the 
form of phosphor-tin which contains about 11 per cent. of phos- 
phorus. The phosphorus increases the ultimate tensile strength 
and raises the limit of elasticity ; while it also acts as a cleanser 
of the metal by removing any oxides formed. An average analysis 
of a high grade bronze will give about 90 per cent. of copper, 9 per 
cent. of tir, and 1 per cent. of phosphorus, but in some of the 
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cheaper and softer grades of metal as much as 10 per cent. of lead 
may present. A great improvement in the homogeneity and 
strength of the metal is obtained by casting by the Eatonia pro- 
cess, which enables an inferior mixture to be used without sacri- 
ficing either quality or ductility, while an increase in strength of 
over 60 per cent. has resulted by the adoption of the process 
(see Table Y.)., Thus, a phosphor bronze of 13°76 tons ultimate 
tensile strength and 11°14 tons yield point may, when cast by the 
Eatonia process, have an ultimate tensile strength of 23°09 tons, 
and a yield point of 17°17 tons. The A.S.A.E. specification for 
phosphor bronze is 80 parts of copper, 10 parts of tin, 10 parts 
of lead, and from 0:05 to 0°25 part of phosphorus. 

Manganese Bronze is mainly employed where non-corrosive 
properties combined with great strength, hardness and toughness 
are desirable, and may be cast, rolled or forged. Here the 
phosphorus is replaced by either ferro-manganese or a manganese- 
copper alloy, and zine is frequently added, as is shown by the 
following composition of 58 per cent. of copper, 1 per cent. of 
tin, 39°5 per cent. of zinc, and 1°5 per cent. of ferro-manganese. 
In a few cases a low percentage of aluminium is present, e.g., 
57 per cent. of copper, 40 per cent. of zine, 2°5 per cent. of 
ferro-manganese, and 0°5 per cent. of aluminium; but as a rule 
the copper is present in slightly increased proportions, and the 
zinc is reduced below the figures given. 

34. Aluminium and its Alioys.—The alloys of aluminium 
excepting aluminium bronze, which is not usually employed in 
automobile work, are used principally on account of their extreme 
lightness, combined with a fair measure of strength, and the 
facility with which they may be cast. The usual application is 
to crankcases and gearboxes, where the metal is alloyed with 
varying percentages of copper or zine—both of these substances 
adding greatly to its strength and hardness without inordinately 
increasing its weight—6 per cent. of copper raising the ultimate 
tensile strength from about 7 to 16 tons per square inch. This 
increase in strength is, however, accompanied by a great redue- 
tion in the elongation, as is evidenced by Table Y., p. 30. 
Owing to the disability under which it labours in this respect 
and its susceptibility to segregation, many designers are disposed 
to regard these alloys with disfayour and suspicion, and to resort 
to webbing aud ribbing to a far greater extent than strength or 
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rigidity considerations indicate as necessary. Aluminium alloys 
should not, in general, be employed in any construction where 
it is subjected to any great heat owing to its rapid reduction in 
strength with rising temperature; although cases have occurred 
there it has been used for the pistons apparently without detri- 
mental effects resulting therefrom. It should also be noted 
that, wherever practicable, studs should not be screwed into 
aluminium, but bolts should be used. The A.S.A.E. specifica- 
tions for aluminium alloys is 7 to 8 per cent. copper and the 
remainder aluminium, or 2 to 3 per cent. copper, 15 per cent. 
zine, and the remainder aluminium. 

A metal which has recently come into prominence on account 
of remarkable properties that it possesses is duralumin, which is 
manufactured by Vickers, Limited (see Table V.).  ‘I'his material 
combines lightness with great strength, has an excellent elongation, 
and may be forged, so may be used in many parts that have 
hitherto been made of steel, while its resistance to corrosive 
influences makes it an admirable substitute for brass, copper, ete. 
It is supplied in plates, rivets, bars, wire, forgings, stampings, 
channels, tees, tubes, and various rolled and extruded sections. 

35. Bearing Metals.—With the object of reducing the friction 
at the bearings it is the common practice to use white metal or 
antifriction metal instead of phosphor bronze or gunmetal, as in 
addition to possessing a low coefficient of friction, they soon 
take a hard smooth skin which resists wear. These bearing 
metals have only a low tenacity and therefore require some 
support. This is obtained by surrounding them by shells of 
gunmetal or of steel, to which they must be secured by tinning, 
as otherwise there is some risk of flaking causing the subsequent 
destruction of the journal. 

The better class of alloys contain copper, tin and antimony, but 
in some of the softer and cheaper brands of anti-friction metals 
there is a very high percentage of lead, on account of the high 
price of tin. Babbitt metal has a composition of 87 per cent. of 
tin, 8 per cent. of copper and 5 per cent. of antimony and, 
although rather expensive, gives excellent results in practice; 
there are, however, many so-called Babbitt metals. Some 
superior brands of white metal contain about 83 per cent. of tin, 
7 per cent. of copper and 10 per cent. of antimony, whilst in the 
ostter of the better qualities the percentages are about 90, 3 
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and 7, respectively. The actual composition of the various 
brands varies greatly according to the class of work upon which 
they are to be employed. The effect of an increase in the pro- 
portion of the copper is to harden the alloy, as does also antimony, 
and raising the percentage of tin toughens it. One or two 
advertised brands of bearing metals contain a little iron, lead 
and bismuth, but the presence of lead is not desirable since it is 
readily acted upon by the acids in some brands of lubricating oil. 

The A.S.A.E. specification for Babbitt metal is 84 per cent. of 
tin, 9 per cent. of antimony and 7 per cent. of copper. Lead 
may be present in the alloy to the extent of 0°25 per cent., but 
the variation in the constituents from the figures quoted should 
not exceed 1 per cent. for tin and 0°5 per cent. for the antimony 
and the copper. 

Much may be done to increase the endurance and reduce the 
frictional losses at bearings, even of the best grades of metal, by 
the adoption of the Eatonia process in filling the shells ; although 
some designers prefer to run the metal directly into certain parts 
—the connecting rod big end, for example—as they claim that 
the heat generated by friction is conducted away more rapidly 
when this is done. This process has the effect of preventing the 
formation of hard and soft spots in the metal due to segregation 
of the different constituents of the alloy which results from the 
yariation in their solidifying temperatures. . 

In many cases, on account of the increased strength of the 
bearing metal when so cast, the shells for supporting the white 
metal may be entirely dispensed with, thus effecting a saving in 
the cost of machining and in the weight to be carried. An 
advantage is also evident from the fact that it is unnecessary 
to run the metal direct into the connecting rod end, since this 
might adversely affect the results of the heat treatment in special 
steels, while renewal is rendered more expeditious and legs 
expensive. 


CHAPTER II 
GENERAI, CONSIDERATIONS IN ENGINE DESIGN 


36.—WueEn the general arrangement and design of the engine 
and chassis are under consideration, among the many questions 
that have to be decided are those about to be discussed. 
Generally the designer and those with whom he is associated 
have arrived at a more or less definite conclusion regarding these 
matters as the result of past experience, the dictates of custom and ~ 
demand or perhaps the peculiar exigencies of the situation; but 
whatever the reason for the adoption of a particular construction 
or line of action, it should pass under review in order that a 
progressive design may be produced. It must be remembered 
that finality is never reached in any class of work in every part, 
although limits may be imposed in the natural order of things 
which may prevent development in certain directions. 

37. Cooling.—It is not usually difficult to decide whether air or 
water cooling is to be used, as the inherent defects of air-cooled 
engines preclude its employment on any but the smallest cars, 
especially where prolonged runs have to be made at full power, 
although cases could be cited where it has given satisfactory results 
in America on engines ranging up to 40 h.-p. Air-cooled engines 
must, however, be employed under a relatively light load although 
it is probable that the heat efficiency is slightly higher and the 
mechanical efficiency slightly lower than in water-cooled engines. 
‘I'he merits and demerits of air and water cooling are discussed in 
Chapter XIII., Vol. L.,so it is unnecessary to recapitulate them here. 

The system of water cooling—thermosyphon or foreed—must 
however, receive some consideration ; as both systems are fitted on 
engines of equal powers in first-class work. The main advantages 
attaching to the use of a thermosyphon system are—its simplicity 
and cheapness, and where a low-priced car is being produced, 
these are points which have weight. On the other hand, the 
reliability of a forced system of circulation, owing to its freedom 
from failure due to steam or air lock, and the greater uniformity 
of temperature of the cylinder, combined with the small 
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risk of mechanical breakdown in modern designs, makes its 
employment eminently desirable. Each case Thust, therefore, 
be determined when all the conditions as to power, price, the 
class of vehicle, and circumstances under which it is to be em- 
ployed are known. It may be remarked however that, for colonial 
service, a forced system becomes imperative, owing to the 
possibility of a restricted water supply in scattered districts, 

38. Lubrication.—The same general observations made in the 
preceding article respecting the factors that influence the designer 
in deciding what cooling system shall be used apply with equal 
force to the lubrication of the engine—whether it shall be splash 
or pump fed—the latter including both the trough and the foreed 
systems together with the various modifications that are found in 
current practice. The use of the simple splash system of lubriea- 
tion is accompanied by such drawbacks that only the greater 
expense Incurred by the other systems ean justify its existence on 
any engine and it is therefore very seldom fitted to any but very 
low-priced cars and some motor-boat engines. As regards the 
other two forms, the Author can well recommend the fully foreed 
system to more general employment, because splash in any form 
is, in his opinion, inferior, seeing that a large quantity of oil must 
always be in the system to render it effective and even then the 
oil which reaches a bearing may have become vitiated by a contact 
with the piston and the cylinder walls or by exposure in the 
crankcase. In a fully forced system, one can be assured that 
clean oil is being directed in sufficient quantity to the exact 
place where oil is necessary, at all speeds and under all conditions 
of service, thus,effecting a great saving in the cost of upkeep as 
welj as that of the lubricant itself, while its cooling effect during 
prolonged runs cannot be disregarded. The engine will also have 
a purer exhaust. , Naturally, such a system is more expensive to 
supply in the first instance because of the greater care and akill 
required in fitting and adjustment: but not greatly so, especially 
where the troughs are mechanically controlled so as to enable 
the depth of immersion of the dippers to be varied; and 
hence any disadvantage under which it may labour in this 
direction will be more than compensated for by the benefits 
which may accrue from its adoption. 

The ultimate selling price of the car is, however, not without 
gome influence in this, as in other directions, for many refinements 
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that would be desirable must be excluded on account of the addi- 
tional cost involved and for ordinary purposes the conditions are 
such as to render it questionable whether the increase in the initial 
outlay which a fully forced system may entail would be appre- 
ciated at its true value, in view of the fact that less elaborate 
systems have proved so satisfactory in service as regards power 
developed; oil consumption, silence, etc. Still, in the case of 
engines having small cylinder dimensions such as are so largely 
used at the present day, which, in order to obtain sufficient power 
must necessarily be run at comparatively high speeds of revolu- 
tion, it would appear that the use of forced lubrication is highly 
desirable, since for the greater portion of their service they are 
required to develop a high proportion of their power; while, in 
lar ger and more powerful engines, which are seldom called upon 
to give their maximum output, it is not so essential. 

Completely forced systems of lubrication are, however, gener- 
ally used on engines in which the workmanship is of the highest 
quality and where expense is a secondary consideration, not that 
all other engines are necessarily inferior, or that engines so 
fitted are, ipso facto, all that is to be desired; but generally, the 
best makers embody in their designs some fairly extended 
system of forced lubrication, for example, splash lubrication to 
the gudgeon pin, and forced lubrication to the crankshaft bear- 
ings; or trough lubrication is provided for the crank and 
gudgeon pins and forced lubrication is used at the main bearings, 
while others use trough alone, the main bearings being provided 
with oil wells to catch the oil. For such designs as sleeve 
valve engines, trough lubrication is perhaps always the prefer- 
able arrangement. ‘The matter is, however, discussed more fully 
in Chapter XII. and in Vol. L, pp. 311—814). 

39. Number of Cylinders and the Method of Casting.—In a large 
measure the horse-power required to be developed and the public 
demand will govern the number of cylinders amployed in the 
design, but in considering the relative merits of multi-cylinder 
engines, it is well to know what qualities contribute to the pro- 
duction of a satisfactory and a commercially successful engine. 
They are—efficiency, silence, low running costs, durability, 
reliability, flexibility, lightness and acces:ib’ lity. 

It will be manifest that any reduction in the number of moving 
parts in an engine must conduce to a higher mechanical efficiency . 
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while, neglecting the speed of revolution, the larger bore of 
cylinder for any stated horse-power will raise the thermal efficiency 
on account of the lower heat loss to cooling water, and, therefore, 
favour a reduction in the number of cylinders. But this will be 
largely discounted by the less effective carburation which results 
from the less uniform flow of air through the carburetter. As 
regards silence—for any given power, the greater the number of 
cylinders, the less the maximum load from the explosion of the 
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gas in the cylinders, and therefore the impulses will be less 
viclent. This must only be interpreted in a general sense as 
the real cause of the greater silence is the reduction of vibra- 
tion, resulting from the decrease in the torque variation and the 
superiority of the four-cylinder over the two-cylinder engine and 
of the six-cylinder over the four-cylinder engine in respect of 
balance; but at the present time many engines have been made 
mechanically quiet by the careful construction and design of the 
valve gear and the lightening of the reciprocating parts without 
any great sacrifice of efficiency. But as the number of impulses 
per revolution increases, there is a more even torque and less 
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shock on the transmission gear, less wear upon gearing and upon 
tyres, and as the carburation is more perfect, the cost of main- 
tenance is reduced on two of the principal items of car expendi- 
ture—tyres and petrol. The flywheel fitted to practically any 
engine will, at moderate and high speeds, transfer the twisting 
moment on the crankshaft into a uniform torque on the trans- 
mission; but at lower revolutions, say, below about 800 per 
minute, there may be a considerable variation in torque with a 
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small number of cylinders. It is probably largely from these 
causes, combined with the greater value attributed to that 
nebulous quality—smooth running—and the relative smaller im- 
portance of expense, that makers appear to prefer an increase in 
the number of cylinders to using a bore much in excess of 
100mm. Some saving might also be anticipated in the cost 
of repairs, but because of the greater number of parts subject to 
wear and which will require adjustment or renewal, the multi- 
cylinder is, probably, at a disadvantage in this respect. 
Regarding durability and reliability, these are but slightly 
affected by the number of cylinders, all the better-class cars 
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hcinz practically immune from trouble under these heads. It 
may, however, be pointed out that the weight of the reciprocat- 
ing parts tends to increase at a more rapid rate than does the 
cylinder bore, and hence the loads due to inertia effects, which 
are detrimental on the non-power strokes, are higher; but 
within the limits of dimensions ordinarily employed in automobile 
engines, and since the bearing areas will be correspondingly 
increased with the larger piston area, it is not considered that 
any appreciable factor is introduced on this account. 

The accessibility of multi-cylinder engines is, perhaps, superior 
to that of those having a lesser number of cylinders, because any 
dismantlement may be more readily effected on account of the 
size of the parts to be handled, and means for access to the crank- 
case interior can be more easily provided, if desired. On the 
other hand, there are more parts liable to derangement or which 
are likely to require attention, and in some engines the cylinders 
are cast en bloc; but it is not possible to generalise on account 
of the wide effects of variations in the arrangement and details of 
design adopted. As regards flexibility, the multi-cylinder, engine is 
undoubtedly the superior, as although the flywheel has a greater 
capacity the less the number of cylinders, its effects at low speeds 
of revolution (where it is mostly of value) are not comparable to 
the greater uniformity of torque and better carburation results 
from the more continuous flow of air through the carburettor. 

On the question of the relative weights of engines, it is very 
difficult to obtain definite data upon which any effective 
comparison can be made, on account of the great variation in the 
construction adopted and in the grades of materials and stresses 
employed ; but there is little doubt that the weights of the flywheel, 
the transmission gear, etc., may be considerably lessened as the 
number of cylinders increases on account of the small variation 
in torque. , It should be observed, however, that for any stated 
power, the larger the number of cylinders employed, the greater 
will be the length of the space taken up by the engine, and this 
will tend to curtail the space available for seating accommodation. 

From the preceding the general superiority of the multi- 
cylinder engine will be apparent, but there still remains one 
other aspect of the question to be considered; namely, that of 
first cost. It is obvious that any increase in the number of parts 
to be handled and subjected to the various operations during 
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manufacture must raise the cost of production, and therefore 
necessitate a higher selling price. Much therefore depends upon 
the question as to whether or not a sufficiently extensive market 
can be found and each case must be determined on 
its merits. Of late years there has been a demand for a four- 
cylinder low-powered car, and this has been met by a large 
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number of manufacturers, but it would be unreasonable to 
expect such a car to be produced at the same price, as, say a two- 
cylinder car of equal power. 

With the object of improving the appearance of the engine by 
the elimination of a large amount of external piping and reducing 
the cost of manufacture by facilitating machining and assembling 
operations, many firms have in recent years adopted the en bloc 
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system of cylinder casting: The system is not without merit, 
for in addition to the above, there are fewer joints to be made 
or broken, the carburation is improved because the incoming 
gas is in contact with heated surfaces for a longer time, the heat 
thus utilised in vaporising the fuel assists in cooling down the 
cylinders, the length and weight of the engine can he reduced, 
and the cylinders assist in resisting the distortion of the crank 
chamber. The latter is, however, a questionable advantage 
since it should be unnecessary for the crankcase to rely upon 
any other part for sufficient rigidity. But with such castings 
there must always be some difficulty in ensuring clear passages 
for the inlet and exhaust gases and for the cooling water, and 
in obtaining a uniform thickness of metal of a homogeneous 
nature in the walls of the cylinders—especially when the induction 
or the exhaust pipes are cast integral with the main castings—on 
account of their intricacy. Variation in the thickness of metal 
is objectionable because of the distortion produced by unequal 
expansion when the casting is heated up under working con- 
ditions, and is markedly so if there is a strip of metal uncooled 
between two adjacent cylinders. These difficulties have been much 
reduced in modern foundry work and by efficient design, so that 
some firms produce castings which are guaranteed to be within 
one-sixteenth of an inch in the bore, as cast, but it is only necessary 
to examine a section through some finished castings, in order 
to see that the defect has not been entirely eliminated. 

The dismantlement of an engine with cylinders cast en bloc 
and the subsequent reassembling is also not an easy matter, 
although the size of the casting affects the question considerably ; 
still the operation of entering four pistons into their respective 
working cylinders of a mono-bloc casting cannot be considered to 
be within the capabilities of many owners, and a defect in any 
one cylinder due perhaps to softness of the metal, porosity o7 
damage, necessitates the renewal of the whole casting. It will, 
generally be found to be a somewhat difficult matter with 
mono-bloe cylinders to obtain a bearing between each crank, 
unless the centre lines of the cylinders are spread rather more 
than is usual (compare Figs. 8 and 11), although there is no real 
necessity for this in ordinary touring engines provided that the 
crankshaft is correspondingly stiffened up, and this is especially 
the case when there is no water space between the cylinders ; while 
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if the valves are all arranged on one side, the provision of ample 
valve area, without the use of excessive lifts is rendered very 
far from simple, particularly in high-speed engines having a 
high stroke-bore ratio. . There is also a greater possibility of 
some variation in the volume of the compression spaces with 
mono-bloc cylinders, which is likely to adversely affect the smooth 
running qualities of the engine. Both the single and the pair 
cylinder construction have the advantage that it is possible to 
utilise either two, four or six separate cylinders, or one, two or 
three pairs of cylinders with their pistons, valves, etc., for three 
different models in obtaining a range of powers. 

On the whole it would seem to be desirable to compromise and 
arrange the cylinders in groups of two or three, at all events for 
engines with bores in excess of 80 mm. as, is now customary, 
as then the extreme effects indicated are not obtained, while 
a more rigid cleaner and cheaper engine is produced. 


40. Piston Speed, Revolutions and Stroke.— There are five 
principal factors that impose a limit upon the piston speed of an 
engine :— 

(a) The weight of the pistons, connecting rods and the recipro- 
cating parts of the valve gear. 

(b) The areas through valves and passages. 

(c) The ratio of stroke to bore. 

(d) The effectiveness of the engine lubrication. 

(ec) The ignition of the charge. 

Of these, the first is the most important and it is not too 
much to say that the modern high-speed engine would never 
have been produced except for the attention which has been 
paid by designers to the problem here represented. Lightness, 
combined with strength and stability, is one of the secrets of 
success in automobile engine design, because the magnitude of 
the inertia forces introduced by the employment of high speed 
increases rapidly with an increase in speed, as does also the 
vibration produced by the unbalanced forces and couples which 
it is not possible to entirely eliminate in two, four and even in 
six-cylinder engines; and at very high engine speeds, the 
reversals of pressure at the bearings which take place when the 
load due to the force required to overcome the inertia of the 
reciprocating parts rises above or falls below the load due to the 
pressure in the cylinder which is acting upon the piston, 
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together with the heavy inertia loads upon the bearings, may 
introduce effects that are decidedly objectionable. As regards 
the latter, it may be pointed out that although at moderate 
speeds the influence of inertia is in the direction of relieving 
the bearing pressures from the full explosion effects, a limit— 
depending upon the weight per unit of piston area--is ultimately 
reached beyond which increase in sp2ed rapidly raises.the load 
to which the bearings are subjected on the non-power strokes. 
This limit is, however, above the speeds at which engines are 
normally run, and hence is negligible except in special instances 
—in racing engines, for example, and in such engines the 
.piston, etc., is generally lightened to a degree that would hardly 
be permitted in ordinary work. Mention must also be made 
of the reciprocating parts of the valve gear, which, since the 
valves are opened by a cam and closed by a spring, must 
be made as light as possible if high speeds are to be attained, 
in order that the operations may be rapidly effected without 
causing high stresses in the actuating mechanism and necessi- 
tating the employment of unduly strong springs. 

In the present day engine, by the use of higher grades of 
material, and by careful attention to the detail construetion, the 
weight of the reciprocating parts has been much reduced, until 
a point has now been reached in some designs beyond which it is 
difficult to see what further progress can be made without 
impairing the stability, except with regard to the valve gear, arid 
even here it is not anticipated that much can be done in this 
direction with the poppet type of valve. 

Maximum piston speed is also largely a matter of valve area, 
as if the valve areas are sufficiently large to permit of the induc- 
tion and expulsion of the gases with sufficient rapidity and with- 
_ out throttling, the speed can be raised indefinitely without any 
decrease in the engine torque. But it is well known that, in any 
engine, after a certain speed of revolution is reached, the curve 
of torque commences to fall off rapidly owing to the restricted 
passages through the valves and the high gas velocities which 
are then attained, notwithstanding the fact that the lower 
heat loss to the cooling water which takes place at the higher 
speeds from the shorter time during which the gases are in con- 
tact with the cylinder walls tends to raise the mean effective 
pressure upon the piston, although the latter is probably partly, 
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and perhaps wholly, neutralised by an increase in the amount of 
internal friction at the pistons, bearings, kc. Large valve areas 
necessitate the use of either larger diameter valves or high lifts, 
and these, in conjunction with the high speed at which the valves 
are operated, cause high inertia stresses in the actuating gear, 
noise and vibration ; while with the larger diameters ther. is some 
difficulty in securing an entire absence of valve leakage. If the 
valves are arranged all on one side, the diameter of the valve is 
limited by the space available in the length of the engine, 
although some increase becomes possible if the valve centres are 
staggered; at the same time, it should be observed that large 
valves necessarily entail the use of ample valve pockets, which 
tend to limit the compression ratio it is convenient to employ, 
and increase the cooling surface, In such circumstances it is an 
advantage to slightly incline the valves with respect to the centre 
line ‘of the cylinder as shown in Fig. 12. It may be added that 
the preceding remarks concerning the importance of large valve 
areas apply in some measure to carburetters; although nt 
perhaps to the fullest extent, because by suitably shaping the 
passages the resistance to air flow may be only increased by a 
smal] amount. 

41. The influence of the stroke-bore ratio also merits some 
attention, as experiments have shown that as this increases, so 
does also the limit of piston speed, doubtless partly due to the 
speed at which the valves are actuated and the greater volumetric 
efficiency for the same valve area, but the allowance that should 
be made to account for their effect on piston speed is not by any 
means agreed upon. This is probably attributable to the marked 
influence of other factors, such as the skill employed in the 
design and construction of the engine, the weight of the recipro- 
cating parts, &e, all of which tend to obscure the real effects 
produced by varying the ratio, if the results of tests made on a 
large number of different types of engines are examined. 

The I.A.E, Committee’ on the horse-power rating of petrol 
engines investigated this question and proposed the formula— 
Piston speed = 600 (r + 1) feet per minute = 8 (r + 1) metres 
per second, where 7 is the stroke-bore ratio, as expressing the 
speed that may be reasonably expected to be attained in well- 
designed and carefully constructed engines; but it was never 

1 Proceedings IA, E., Vol, V., “ The Rating of Petrol Engines ” 
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intended that this should represent the absolute limit, in fact, 
several engines in cars engaged in the Standard Car Race of 1911 
ran at speeds in excess of those calculated in this manner. 

The speed of ignition of the charge is of no importance go far 
as design is concerned, where engines for touring cars are under 
consideration, as magneto construction has progressed so rapidly 
that the spark produced at the plug is always ample to effectively 
ignite the gases. But in the case of engines running at 
extremely high speeds and where the maximum of power is 
required—-as in racing engines—the speed of the flare through 
the gas may be insufficiently rapid if only one plug is fitted; and 
in such engines double ignition may with advantage be employed. 
It may be added that the higher compression which is generally 
used in racing engines, of itself, conduces to a more rapid ignition. 

The lubrication is also a factor that seriously affects the upper 
limit of the piston speed, as well as the revolutions, since unless 
the supply of oil is sufficient at all times to maintain the oil film 
between the supporting surfaces, abrasion must inevitably take 
place ; while the beneficial results to be derived from the pro- 
vision of an ample quantity of lubricant, through its cooling effect 
on the bearings, cannot be over-estimated. 

With regard to the question of stroke and revolutions, con- 
siderable diversity of opinion exists as to the relative merits of 
long and short stroke engines, because although the latter class 
can run at. higher revolutions without setting up excessive 
vibration or causing distortion—on account of the great im- 
provement in the materials, construction, etc.—the long stroke 
engine can be made to be almost as free from trouble in this 
respect, and from the higher piston speed it is possible to attain 
there should be a greater amount of power developed per unit of 
cylinder volume. Furthermore, the cooling surface volume ratio 
is greater in a short stroke engine than in one with a long stroke, 
the difference being most marked when the engine is on the 
inner dead centre; and hence, as the heat loss to the cooling 
water is less with the latter, a higher mean effective pressure 
should be obtainable. It may, however, be remarked that by 
increasing the compression ratio (not necessarily the compression 
pressure) the loss of power from this cause may be neutralised 
without producing any tendency to hard running or increase in 
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The increased vibration may be attributed to the increase in 
the magnitude of the unbalanced forces, owing to the reduction 
in the ratio of length of the connecting rod to the crank radius, 
which practically always accompanies an increased stroke, also 
to the greater variation in torque with long stroke engines; to 
the slightly heavier reciprocating masses; and partly to the 
longer connecting rods and crank webs employed and the less 
compact design. Experiments have shown that the transverse 
inertia loading of the connecting rods causes them to be deflected 
to a marked extent, while the vibration resulting from the deflec- 
tion of the crankshaft under centrifugal force has also been 
clearly demonstrated. It should be observed that the inertia 
forces in the line of stroke vary directly as the stroke, and as the 
square of the angular velocity of the crankshaft ; so that for the 
same piston speed they will be less in the long stroke engine 
than in the short stroke engine. But there is probably very 
little, if any, advantage to be gained from this, by the adoption 
of the longer stroke for ordinary touring car engines, as, apart 
from the fact that the reciprocating parts are thereby increased in 
weight, it is usual to run the engines at approximately the same 
speed of revolution in both types of motor. On the other hand, 
the short stroke engine is probably more flexible or controllable, 
if flexibility is interpreted as meaning the production of a good 
torque at low and high engine speeds and not simply an ability 
to run at a low speed of revolution or a low piston speed, which 
is largely dependent upon the fly-wheel capacity. It is not so 
heavy because a smaller crankcase and flywheel are possible, 
and it has less height, while the transmission gear is lighter 
because of the higher revolutions. It is also probable that larger 
diameter valves may be employed, and hence a higher volumetric 
efficiency will be obtained with a consequent increase in power. 
In the case of the small bore, high speed engines which have 
now come into such extensive use, and in commercial vehicles, 
where the car speeds are low, the high reduction gear in the rear 
axle which becomes necessary with abnormally short strokes pre- 
sents a very difficult problem for solution; and it is probable 
that this accounts for the high stroke-bore ratios employed in 
small power cars. 

These aspects show that it is difficult to arrive at any definite 
conclusion on the matter, although it would appear to be desirable 
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to avoid the use of excessive ratios, and further investigation only 
serves to render it more complicated, as there are so many in- 
fluences that are variable in their effect upon each individual 
factor mentioned. The most suitable ratio of stroke to bore for 
any particular class of work must, therefore, be subject to the 
variations which must inevitably result from the dictates of 
experience. 

At the present time the stroke-bore ratio varies from 1 up to 2, 
but the majority of manufacturers keep within the limits of about 
1°3 and 1°8, the lower values being more common with all sizes 
of engine, but especially on the larger engines ; and where higher 
ratios are employed it is usually for the purpose of taking the 
fullest advantage of horse-power rating rules. 

It is generally, however, undesirable to exceed a piston speed 
of approximately 1,200 feet per minute (6 metres per second) 
under normal running conditions, as this is, roughly, the speed 
of maximum torque in engines used fr ordinary touring cars, 
and higher speeds usually entail some sacrifice in the smooth, 
quiet running and wearing qualities of the engine; and the 
gearing, ete., should be proportioned on this basis. Higher 
speeds are attainable, and those quoted will be influenced by the 
factors mentioned in Art. 40, but at from 1,600 to 1,800 feet per 
minute (8 to 9 metres per second) the maximum power is usually 
developed ; although in special engines, for example, those having 
very light reciprocating parts, Jarge valve areas and direct inlet 
and exhaust passages, the torque curve may be maintained until 
a speed of from 1,800 to 2,000 feet per minute (9 to 10 metres 
per second) is reached, and the speed of maximnm power may be 
between 2,500 and 2,800 feet per minute (12° to 14 metres per 
second), or even higher. 

42. There is another aspect of this question to which attention 
may be drawn, namely, what is the highe,t speed at which an 
engine can be run for an indefinite time under its maximum 
load? The most potent factor affecting this is, probably, the 
effectiveness of the lubrication, which, in turn, is largely depen- 
dent upon the pressures tu which the crankshaft bearings are 
subjected and the viscosity of the lubricant. The load upon the 
bearings is determined by the pressure upon the piston and the 
inertia of the reciprocating parts, while the viscosity of the oil 
varies with its temperature, and this, in any given engine, will 
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greatly depend upon the bearing pressures. Hence, if the maxt- 
mum bearing load is reduced, it is reasonable to suppose that the 
engine will run for more prolonged periods before trouble is likely 
to occur, despite the fact that it is reached more frequently. 
The maximum bearing pressures are due either to the inertia 
forces acting in the line of stroke, or to the pressure on the piston 
at ignition less these inertia forces; but at high speeds the 
former is the greater, and therefore, by equating the force required 
to accelerate the reciprocating and rotating parts at the com- 
mencement of the induction stroke to the difference between the 
load on the piston and the inertia forces acting at the commence- 
ment of the power stroke, the engine speed under full load for the 
most prolonged effort will be obtained. Thus :— 
7 Mo*r (1 ae | Ma pe =a (1 af. 2 Nor 
TU) ; 

where M is the mass of the reciprocating parts, M, is the mass 
of the connecting rod considered as rotating with the crank, » is 
the angular velocity of the crank in radians per second, 7 is the 
radius of the crank in feet, n is the ratio of the connecting rod to 
crank radius, P is the ignition pressure in lbs. per square inch, 
and dis the diameter of the cylinder in inches— 
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where W is the weight in lbs. of the reciprocating parts, and W, 
18 the weight in lbs. of the portion of the connecting rod con- 
sidered as rotating with the crank— 
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At the speeds given by the above equations the bearing pres- 
sures on the same dead centre of the crank will be equal irre- 
spective of the cylinder operations, and the ratio of the load on 
the in-centre to that on the out-centre will be as (n + 1) is to 
(xn —1). It is worthy of notice that the piston speed varies as 
the square root of the stroke, which is slightly less, for the pro- 
portions usually employed, than that which was suggested by the 
LA.E. Committee above referred to. 

43. Compression Pressure.—It was shown in Art. 97, Vol. I., 
that the thermal efficiency of the petrol engine depends upon its 
compression ratio, and therefore for a higher efficiency the com- 
pression pressure used in an engine should be as high as possible- 
But there are other considerations which influence the designer, 
namely, the risk of pre-ignition and, in the case of cars used 
for pleasure or commercial purposes, the importance of comfort 
and silence in operation. The former arises from the fact that 
as the pressure increases during the compression stroke, so does 
also the temperature of the mixture, and therefore by raising the 
compression sufficiently it is possible to cause a spontaneous 
ignition of the charge. The actual pressure at which this takes 
place is difficult of determination, seeing that phenomenal com- 
pressions have been employed on some racing engines without 
undue trouble from this cause. It is probable that at the high 
speeds of revolution employed 1 in these engines when under full 
load, the time of pre-ignition synchronises approximately with the 
correct time of spark cation for such speeds ; but it is inadvisable 
from this cause alone to exceed, say, 100 lbs. per sq. in. (0°07 kilos, 
per sq. mm.) or a compression ratio of 4°9 for ordinary work on 
water-cooled engines if liability to this defect is to be avoided, 
for extremely thin layers of carbon deposit will, in high compres- 
sion engines, cause pre-ignition.. In air-cooled engines the com- 
pression ratio should, preferably, not exceed 4°0. 
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It should, however, be observed that increase in the compression 
ratio, while limited by pre-ignition, generally involves an increase 
in the ratio of cooling surface to cylinder content, and, therefore, 
an increase in the cooling losses, so that itis possible with certain 
compression ratios for the loss of heat due to the proportionately 
greater cylinder surface in contact with the jacket water to reduce 
the pressure sufficiently to neutralise the effects of raising the 
compression -ratio.. This was shown to. be so in the course of 
experiments carried out by Professor Watson,’ as the relative 
efficiency diminished rapidly as the compression was increased, 
and there was little or no gain in the thermal efficiency. Professor 
Callendar also remarks? that the stroke-bore ratio must be 
increased in order to obtain any appreciable advantage from 
increasing the compression ratio. At one time it was usual for 
small bore engines to have a higher compression ratio than those 
of larger bore, owing to their greater heat loss; but at the present 
day there is little, if any, difference in the values employed. 

As regards the effect of compression upon the quiet running of 
an engine, it is clear that as the pressure at ignition increases 
with the compression pressure, the explosion effects will become 
more pronounced and the vibration will be greater in an engine 
using a high compression than in another with a low compres- 
sion, due to the greater variation in the torque of reaction which 
depresses the frame on the springs on the off side, and tends to 
lift the frame on the near side of the car; while leakage of gas 
will be more in evidence. Further, there will be a greater diffi- 
culty in starting up, especially in large engines, increased wear 
and tear upon the engine parts and transmission, a greater varia- 
tion in crank effort, a less comfortable car, and a tendency to 
hard running. For these reasons one occasionally finds that, 
notwithstanding the sacrifice in efficiency which is entailed, 
nominal compression. pressures as low as 55 lbs. per sq. in. 
(0°04 kilos. per sq. mm.) or a compression ratio-of 3°3 are 
employed, although usually from 70 to 85 lbs. per sq. in. (from 
0049 to 006 kilos. per sq. mm.) or a compression ratio of from 
3°78 to 4°42 is used. (See also Art. 62.) 

44, Type of Ignition.—Generally there will be little difficulty in 
deciding this factor in the design. On account of the inherent 


1. Proceedings I.A.F., Vol. II. pp. 457, &e. 
2 Proceedings I.A.E., Vol. V. p. 252. 
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defects in low tension ignition for high speed engines and the 
consequent almost universal adoption of the high tension system, 
it is only necessary to consider whether high tension magneto, 
coil and accumulator, dual, duplex or double ignition, or the 
combined ignition and lighting system is to be adopted. 

In general, having in view the high efficiency of the modern 
magneto, it may be accepted that the dual ignition will only be 
fitted on the more expensive and high-powered cars and duplex 
ignition on the better class of lower-powered cars to facilitate 
starting up, as the filting of such can only be regarded as 
refinements, although very desirable with engines of large bore, 
and therefore only to be provided where other considerations 
besides that of actual price receive altention. These remarks 
apply where the system of ignition is to be fitted as standard 
practice, but in many cases either dual or duplex ignition is 
optional and is quoted for at an extra price. Mention should 
also be made of Bosch hand-revolved magneto, which is fitted on 
the dash-board and enables a series of sparks to be obtained 
when the engine is not working without the use of a coil and 
battery, thereby providing a most effective form of switch starting 
if there is an explosive mixture within the cylinder, but which 
may be coupled to the starting handle so that it is unnecessary 
to crank the engine very quickly in order to obtain a sufficiently 
strong spark to ignite the charge when starting from cold. This 
system must be regarded as‘an optional fitting. 

In a similar manner, one may expect to find coil and accumu- 
lator ignition only on cheap, low-powered cars, where every 
endeavour is made to reduce the selling price; but seeing 
what little difference there is between the price of this system 
_and that of ordinary magneto ignition and in view of the advan- 
tages accruing from the use of the latter, it would seem desirable 
to employ the magneto in all cases where culy one system of 
ignition is fitted. This is now generally appreciated, with the 
result that the magneto is almost always, if not universally, fitted 
on all modern cars; sometimes, however, it is supplemented by 
a separate coil and accumulator system. 

As regards double ignition, a form of two-point ignition where 
a magneto with two distributors is employed, this is mainly, 
although not exclusively, used on racing cars, but will be fittcd 
when specially ordered. ‘I'wo separate coil and accumulator aud 
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magneto systems of ignition are seldom applied to modern cars, 
and these are of the most luxurious type; but some form of 
synchronised ignition was at one time extensively adopted. 
Re, arding the combined ignition and lighting system, it is not 
at all improbable that, with the more extensive use of electrically 
operated self-starters, this system will eventually be largely 
employed, although the increased cost involved and the excellence 
of the modern magneto will tend to retard its adoption. But 
where an electric lighting system is to be installed on the larger 
cars its simplicity and low cost of upkeep render it worthy of the 
attention of designers. 

45. Type of Engine.—There is probably no other branch of 
engineering in which it is more necessary for the manu- 
facturer to have his finger upon the pulse of the buying public 
than in automobile work. Much can be and is done in educating 
the prospective purchaser to an appreciation of the merits of some 
particular design, but the ultimate test of success is a commercial 
one—the sale of cars embodying such construction. It is there- 
fore obvious, that even though the design may have many inherent 
advantages, it will be impossible for a manufacturer to continue its 
employment unless the sales are sufficient to warrant its retention. 

This is well illustrated by the two-stroke engine and the four- 
cylinder horizontal engine with opposed cylinders, both of which 
are superior in some respects to the ordinary vertical engine—the 
former as to simplicity, weight and space, and the latter with 
regard to balance and vibration—yet little has been done to 
improve either of them, largely on account of the conservatism 
of the motoring public. It must be admitted, however, that 
two-stroke engines as at present constructed labour under many 
disadvantages, except in one or two special cases, and in these 
the additional mechanism introduced to overcome inherent 
defects tends to diminish the advantages mentioned above. But, 
in general, the leakage of fresh gas to exhaust during cylinder 
induction, or from the crank-case, as well as the lack of homo- 
geneity in the mixture, reduces the thermal efficiency by about 
25 per cent.; the throttling down required when low powers or 
speeds are developed causes imperfect scavenging and renders 
the engine less flexible ; while the period during which the ports 
are uncovered is insufficient at high-engine speeds to admit of 
the full charge of gas being taken, or of the complete expulsion 
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of the exhaust being effected, and thus the torque curve falls off 
more rapidly. These deficiencies are, however, now being 
remedied, and the two-stroke engine may eventually become a 
serious competitor with the conventional four-cylinder engine. 

The horizontal opposed engine also suffers somewhat by com- 
parison with the more conventional type on account of the cleaner 
and neater arrangement of the latter and the excessive width 
of frame, the less effective access and the possibility of lubrica- 
tion troubles arising with the former. It is sometimes stated 
that the cylinders have a tendency to become oval with horizontal 
engines, due to the wear down of the piston; but this is not so, as 
the weight of the reciprocating parts is but a small fraction of 
the side thrust on the cylinder walls. 

When, therefore, an engine has to be designed, it will be the 
four-stroke vertical type that will receive consideration, as the 
few exceptions to this rule will be those in which some patented 
feature is embodied, and these require special treatment. 

46. Engine Arrangement.—From the foregoing the principal 
characteristics of the proposed design will have been practically 
determined, and the general arrangement and construction of the 
details may now be considered. In examining the various 
possible alternatives special attention should be directed to the 
necessity of affording adequate means of access to all parts that 
are likely to require frequent adjustment, examination or renewal, 
and for the ready dismantlement of any part with the least 
possible derangement, especially in cars which are likely to be 
in the hands of an owner-driver; at the same time, however, the 
importance of the cost of manufacture, the appearance of the 
engine, and cleanliness should not be overlooked. The general 
disposition and the method of driving the camshafts, oil, water 
and air-pumps, magneto, distributors, commutator, dynamo, fan, 
the details of a self-starting system (pump, distributor, motor, . 
dynamotor, &c.), if such is to be fitted and even when it is made 
optional, the system of engine suspension, the form of crank- 
shaft and type of valve gear, the arrangement of the inlet and 
exhaust piping and the control system, as well as the location 
of the oil and petrol filters and fillers, oil level indicator, and 
every other fitting the position of which may be varied, should 
pass under careful review as integral parts of a complete 
machine. This critical examination shou:d not be dispensed 
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with even when the engine is to follow along the lines of a 
previous model, as apart from the fact that design is a pro- 
gressive science, the introduction of some new feature may 
detrimentally alfect the accessibility and appearance of the engine, 
but whith might be entirely obviated by a slight re-arrangement 
of the component parts. This is one of the reasons why a 
construction which has proved quite satisfactory elsewhere 
should n: t be incorporated unaltered without adequate considera- 
tion as to its probable effect upon the existing arrangement. 

It is usual to arrange the carburettor and the magneto on oppo- 
site sides of the engine in order to minimise the risk of an explosive . 
mixture of air and petrol yapour being in the vicinity of the 
magneto, and which, if a short circuit should occur, might 
become ignited ; but although desirable, it is questionable whether 
it is- imperative with modern accessories so long as they are not 
too close together. The arrangement, however, necessarily 
follows from the conventional methods of driving the magneto 
(see Figs. 11 and 183), namely, either by a cross-shaft in front 
of the engine, or by a longitudinal shaft, usually on the valve 
side of the engine, while the carburettor is so placed because of 
the better carburation obtained when the incoming charge passes 
through a passage formed within the water-jacket; but the 
factors influencing this, as well as the other matters above 
mentioned, are discussed in the succeeding chapters relating to 
them. (See also Vol. I.) 

From the foregoing’the size and shape of the crankcase is 
closely determined, as well as the space required for the engine 
and its component parts, not only when in position, but also 
when assembling or dismantling the individual parts or the 
engine unit complete, while the centres of the shafting will also 
be approximately determined. The transverse section of the 
crankcase is very closely fixed by the clearance necessary for 
the crankshaft, connecting rods, camshafts and the lubricating 
arrangements in the base of the crank-chamber ; and the overall 
length by the bore and construction of the cylinders, the pro- 
posed water thicknesses, the lengths of the crankshafts, bearings 
and. thickness of the crank-webs, and the width of the case 
enclosing the timing wheels. 


CHAPTER IV 


POWER REQUIREMENTS 


47. Nature of the Resistances to be overcome.—In Vol. I. p. 116, 
it was stated that. the power available at the roadwheels is 
employed in overcoming the following resistances :— 

1. Rolling resistance. 


2. Resistance due to gradient, which may be either positive or negative. 
3. Resistance due to the air, which may also be either positive or negative. 


These are, however, the resistances encountered by a vehicle 
when travelling at a uniform velocity ; but when the speed of a 
car is increased the torque transmitted by the engine must be 
augmented by an amount sufficient to produce this acceleration 
as well as to overcome the increase in the resistance to traction 
at the higher speed. Hence power will also be utilised in this 
direction. 

In ascertaining the power required to perform certain work - 
in ordinary engineering practice, the conditions of service can 
usually be definitely settled, but the designer of the petrol engine 
fora car is confronted by two principal difficulties, the first being, 
that the factors above mentioned cannot be stated in exact terms, 
either from the lack of reliable data upon which to base an 
estimate, or from the great variation in magnitude to which each 
is subject, so that any values which are assumed in the design 
may be liable to a considerable degree of error. ‘he second is, 
that the weight and shape of the body to be subsequently 
fitted, the load to be carried, the maximum gradient which the car 
must be able to climb, the areas subject to air pressure, and the 
resistance offered by them to propulsion are often not accurately 
known. | rT 

There are also two other factors which have an important bear- 
ing upon this question, namely, the necessity of producing chassis 
of more or less standard dimensions and design, in order that the 
selling price may be kept within reasonable limits and permit a 
fair profit to be made; and the demand of the buying public for 
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an engine of a definite rated horse power, or of certain cylinder 
dimensions—the latter being frequently the dominating factor, 
and where such is the case, the designer must proportion the 
gearing so that the maximum power which the engine is capable 
of developing is sufficient to overcome the resistances to motion. 

The power to be developed by an engine, therefore, either 
determines the speed of the car, if the resistances are fixed; or 
is determined by the tractive effort which must be applied at the 
road-wheels in order to overcome the normal resistances to motion, 
and by the speed of the car; but not exclusively so, as in high- 
powered cars and even in some cars of quite moderate power, the 
maximum engine torque at avy given speed is in excess of that 
generally required for propulsive purposes alone (excepting at 
high car speeds on heavy roads, or on exceptionally stiff 
gradients) in order to give greater ease and comfort in driving, 
to allow of the more extensive use of the quieter direct drive and 
to permit a higher average speed to be attained than would other- 
wise be possible. 

The relation between the power available at the road-wheels, 
the speed and the tractive effort may be expressed by— 


. FS _ FV 
H.P. 38000 375 


where F is the tractive effort in lbs., S is the distance moved in 
feet per minute, and V is the speed of the car in miles per 
hour. 

The value of F is the summation of the resistances indicated at 
the commencement of this article, while S and V will be mutually 
dependent upon the engine revolutions (N) per minute, the lotal 
gear ratio (x) employed, and the radius (R) in feet of the tyres 
fitted. The horse-power is a function of the engine torque (‘L), 
the revolutions (N) and the efficiency (y) of the transmission ; 
but T and » vary independently, the former with N and the 
latter with both N and x. The general relation between the 


engine torque and the tractive effort is expressed by the 
equation— 


PRs lean. 


For design purposes, the probable values of R, 7, and the 
components of F at the various car speeds, and for N, at which 


POWER REQUIREMENTS 19 


those speeds are to be attained may be assumed, some factors 
being definitely fixed, while others may be expressed in terms of 
the speed, the gradient, etc. (see Arts. 50 and 54); but, in 
general, all will be, more or less, tentative, and subject to such 
adjustments as may be subsequently found to be expedient during 
design or on test. 

It has been previously stated that the power requirements are 
principally dependent upon the tractive resistance and the speed 
of the car. But while the former is affected by the latter, the car 
speed is entirely determined when the gear ratio, the engine 
speed and the size of tyre are settled, since— 


-N l27BR60_ NR 
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Hence it is possible, by providing alternative sets of gears, to 
so adjust the speed of the car (for any given engine revolutions 
and tyre diameter) that the engine torque transmitted to the 
road-wheels is equal to the tractive resistances at that speed, and 
it is by so doing that manufacturers are able to surmount some 
of the difficulties under which they labour, in that bodies varying 
greatly in their form, shape, size, weight and carrying capacity are 
fitted to almost identically similar chassis, which are to be em- 
ployed on roads and in districts that differ considerably in the 
character of the gradients encountered, and in the nature of the 
road surfaces. 

The difficulties above mentioned resulting from the dearth of 
data have, however, been largely reduced during recent years, 
and many manufacturers have now at their disposal a con- 
siderable amount of experimental information relating to engine 
torque, road and wind resistances, the efficiency of the trans- 
mission gear generally, and the influence of the shape of the 
body on the power absorbed, which is proving of great service in 
the design of motor vehicles. 

48. Accelerometers.—One of the factors that have contributed 
to this end is the accelerometer—of which there are several 
forms—the Lanchester, the Trotter and the Wimperis instruments 
being probably the best known. The first-mentioned is of the 
pendulum type, and is described by its inventor in a paper’ on 
“Tractive Effort and Acceleration of Automobile Vehicles on 

1 See Proceedings L.A.H., Vol. 1V 
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Land, Air, and Water.” In the Wimperis accelerometer,’ a small 
framework is mounted upon a vertical spindle, and is supported 
so as to be free to rotate in a horizontal plane, its rotation being 
controlled by a light spiral hair spring. The framework is so 
arranged that its cen're of gravity does not coincide with the 
axis of rotation, hence any acceleration or deceleration in the 
direction of motion of the car causes the heavier side to lag 
behind or move forward and partially wind up or unwind the 
spring—the amount by which the spring is wound up or 
unwound being a measure of the acceleration or retardation. 
This is recorded on a suitably graduated scale, over which a 
pointer, secured to the axis of the framework, moves, so that the 
readings are obtained directly. In order that jolting or vibration 
may not affect the accuracy of the readings taken, a small 
permanent magnet is incorporated in the instrument to damp 
out oscillations from these sources. The accelerometer is com- 
pensated so that the readings obtained are for one direction only, 
namely, that in which the car is travelling, by meshing the 
teeth of two gear wheels, one of whichis attached to and mounted 
on the axis of the framework, and the other, pivoted on a separate 
axis, is fastened to the index pointer. The mass of the first wheel 
and the framework and that of the second wheel and a weight 
altached thereto are so arranged and disposed that their moments 
about their axes are equal, consequently any acceleration at 
right angles to the longitudinal axis of the car produces no effect 
upon the instrument, since it tends to cause thé wheels to rotate 
in the same direction, which, being geared together, they are 
unable to do. 

Mr. Wimperis, in a paper read before the Sheffield meeting of 
the British Association in 1910, gives the results of a large 
number of observations which-he has made with the instrument 
in -connection with a motor wagon and a heavy touring car 
fitted with solid rubber tyres. Among the data tabulated’ and 
graphed are—the indicated and brake horse-powers, the 
mechanical efficiency, engine torque and clutch, road and air 
resistances. It is also possible to obtain the brake thermal 
efficiency, to observe the accelerative properties of an engine, 
and to locate the individual losses at particular points of the 
transmission. 

* See The Engineer, 15th Sept., 1910, 
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As Mr. Lanchester has stated in his paper, “almost every 
new type of vehicle to which the accelerometer is applied 
yields up the secrets of its mode of traction, and the weakness 
of each particular type, and, in some cases, of each individval 
design, is exposed in so graphic a manner as to render very great 
help to the designer in effecting desirable improvements.” 

49. Road Resistance. I’rom an examination of the nature of 
the surface and condition of the roads, it will be obvious that 
the road resistance will vary at different places over very wide 
limits, and these will depend not only upon the character of the 
road surface, but also upon the size and kind of type, the speed 
of the car and the method of supporting the frame upon the 
axles. In Vol. I. p. 117, the following approximate values are 


haat is lbs. per ton. 
Wood blocks dry ; : P : "1 27 
Macadamised road hard aud dry A - : - = 90 
Macadamised road hard and wet - : - . 48 
Macadamised road treated with tar . ; ; . 24 
Asphalte at 60°F... , 2 2700 
Flint and gravel, well rolled aa dry 3 . . 46 
Flint and gravel, well rolled and wet F : oa BO 


The values quoted apply to pneumatic-tyred vehicles on roads 
which are in good condition and have been obtained by comparing 
the figures given by several authorities. They may be taken 
as representing minimum values, any tendency of the road to 
disintegrate causing the resistance to rise immediately. Mr. 
Wimperis has found that the resistances may a nount to as much 
as 250 lbs. per ton on a partly-rolled road and 400 lbs. per ton 
on a road which had not been rolled." 

Col. Crompton, M.Inst.C.E., in a paper on “ Modern Motor 


Vehicles’? gives the following :— 
lbs. per ton. 
Rolling and axle resistance of vehicles fitted with pneumatic 
tyres on granite, asphalte and wood payements and on 
average macadam in dry weather at all speeds up to 40 


miles per hour . : ; : , , : ; . 40 
Same in wet weather é 50 
With solid rubber tyres at seeds up Oe 15 nies he Hie on 

asphalte, granite and wood payement . ; ; . 30 
On good macadam dry . ; : ‘ ; : . 60 
On average macadam wet ; - ; Z - - 80 


1 See The Autocar, Feb. 8th, 1913, p. 239. 
2 Proceedings Inst. CH., Vol. CLXIX., pp. 2 ef seg. 
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In his opinion, it is only on roads which have a soft crust that 
the road resistance of pneumatic-tyred vehicles exceeds 40 lbs. 
per ton, and further, that as the hysteresis of the tyre is so small, 
the resistance will be, for all practical purposes, the same at all 
speeds up to 40 miles per hour. 

Mr. Wimperis states that so far as his experiments with 
pneumatic tyres have gone, they indicate very little differ- 
ence in the magnitude of the road resistances from those 
with solid rubber tyres. In the Michelin experiments, however, 
the superiority of the pneumatic over the solid tyre was clearly 
demonstrated; and it would appear, that while the latter is 
always inferior to the former, the extent of its inferiority 
depends very largely upon the nature and condition of the 
road surfaces on which they are employed. ‘The method of 
supporting the frame upon the axles is of importance as regards 
its effect upon the road resistance with unsprung and spring- 
supported frames and bodies; but it is extremely doubtful 
whether there is any appreciable variation in the magnitude of 
the road resistance with dissimilar systems of springing, except 
such as may, possibly, be due to the differences in the ratio of the 
unsprung to the total load. Speed would, also, seem to have an 
almost negligible effect upon the resistance on good roads under 
ordinary touring conditions and at moderate speeds, but on roads 
having irregular or undulating surfaces and with racing cars there 
may be,a considerable increase in the resistance encountered, 
owing to shock, the loading of the tyres from the periodic 
vibration of the frame on the springs, the effects of tyre slip. 

Morin and other experimenters have shown that the road 
resistance decreases with an increase in tyre diameter, as, is to 
‘be expected, since the area in contact is greater and hence there 
is less deformation of the road surface ; while although the work 
done in raising a tyre over an obstacle remains unchanged the 
duration of the application of the force is greater, and therefore 
the force itself is reduced. ‘Ihe results of tests do not, however, 
show the same rate of decrease in the resistance, probably because 
of the effects produced by various conflicting factors, that it is 
impossible to exclude from such tests; but it is apparently, 
approximately, inversely as the square root of the diameter of 
the tyre. Thus within the limits of the dimensions usually 
manufactured, from 650 mm. to 1,020 mm.—the road resistance 
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may vary to the extent of about 25 per cent., but with the 
diameters ordinarily employed say—750 mm. to 880 mm. the 
variation will probably not exceed 8 per cent., a negligible 
quantity, having regard to the fluctuation in the magnitude of the 
resistance itself. It is conceivable that the width, shape and 
elasticily of the tyre will also have some slight influence upon the 
resistance offered by the road. 

For design purposes, it is usual to assume that the road resis- 
tance approximates to 201bs. per ton (‘03125 per kilo.) for pneu- 
matic tyred vehicles, which, it will be observed, is substantially in 
agreement with the values previously given, and hence will form 
a sound basis upon which to work. 

50. Gradient Resistance——The tractive effort required to over- 
come the resistance due to the gradient is greater generally than 
that necessary to overcome either the road or the air resistance 
under normal conditions. 

Knowing the weight of the car and the maximum gradient to 
be climbed, the tractive effort which must be available at. the 
road wheels can be accurately determined. Let w be the weight 
of the car in pounds, 1 in x the maximum slope of the gradient 
in feet and V the specd in miles per hour at which the hill is to 
be climbed. Then :— 

Distance travelled by car in one miuute = MS ee 

But w is the distance over which the car moves along the road, when raised 
through a vertical height of one unit, so that the horizontal displacement 


will be # cos 6, where 6 is the angle of inclination of the road. 


; : : i , Viz 3. 280 
Heicht through which car is raised in one minute = = and 
fo} co) 60 y ne me 7 


ft. 


w w 
x cos 6 Ia 


tractive effort required = 


Work done per minute = ,— 
: wV X 8,280 
Hoise-power required = 60 X #5000 Jat 
. _ 0:0002667 wV 
oe a 
If V is in metres per second and w is in kilogrammes _ 
0:133 wV 


Jat — 1 
since the metric horse-power or force-de-cheyal is equal te 75 metre kilo- 
grainmes per second. 


The metric horse-power = 


G 2 
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For gradients not exceeding 1 in 10, 2 may be substituted for (/72 —1 
without appreciable error. 

It will be seen that there are three independent variables—the 
weight of the car, the speed of ascent, and the slope of the hill. 
With regard to the first factor, the weight of the chassis in 
complete running order can be determined very closely—either 
from previous models or by calculation from working drawings, 
althouch the latter is a rather lengthy operation ; but the weight 
of the body which may be subsequently fitted and the number of 
passengers to be carried are often unknown quantities. Some 
license is, however, permissible if two or three alternative sets of 
gear ratios are provided, because the speed of the car up the 
maximum gradient likely to be encountered may then be made 
to closely approximate to that which is desirable for the total 
weight of the car when loaded. 

The maximum gradient that the car should be capable of 
climbing may be taken to be 1 in 4, since cars now are expected 
to be able to operate over wide areas, but preferably a 1 in 33 
gradient should be arranged for, as occasionally a standing start 
must be made on a steep hill having a high road resistance, while 
sharp corners on stiff gradients are not unknown. 

51. Air Resistance—The magnitude of the air resistance 
depends upon the velocity of the vehicle relative to the air, and 
the shape and extent of the surfaces exposed to wind pressure. 
At low speeds and with bodies of stream-line formation, the power 
absorbed in this direction is practically negligible, but it rapidly 
rises with an increase in the speed, since the horse-power varies 
according to the speed or when wind screens; hoods, ete., are 
added. This is due to the disturbance produced in the atmosphere 
by the action of the various forms and surfaces over which the 
air passes and it extends in the form of eddy currents not only in 
the immediate vicinity of the car but even at some distance from 
its path; whilst with some surfaces, principally those which are 
normal to the direction of motion or nearly so, a much reduced 
pressure is caused at the back, thus further augmenting the air 
resistance. With stream-line bodies, however, the air passes over 
them with the minimum of disturbance, as the only factor that 
can cause turbulent motion is the skin friction, and this is 
extremely small in magnitude at almost any speed compared with 
the head resistance of normal surfaces. It must not be assumed, 
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however, because of the relative insignificance of air resistance at 
normal speeds that the factors upon which it depends may be 
disreyarded, for any development that tends to reduce the power 
required to propel the car is also conducive towards economy, 
while the fitting of stream-line bodies greatly contributes to the 
lessening of the duss-raising tendencies of the ear in high speed 
vehicles. Further, it is not too much to say that the high speeds 
attained by low-powered cars have only been rendered possible 
because of the employment of bodies which offer little air resis- 
tance. For these reasons the torpedo and stream-line body should 
be regarded with favour, especially as the general appearance of 
the vehicle is much enhanced by its adoption. 

The formula for the total resultant pressure on a thin flat 
plate placed normal to a current of free air ist:—- 


p = 0700382 AY? 


where p is the pressure in pounds per square foot, A is the area 
in square feet-and V is the velocity of the wind in miles per hour. 
Dr. T. E. Stanton’s earlier experiments ? at the National Physical 
Laboratory with flat plates and flat-ended cylinders in an air 
channel through which a current of air was flowing at uniform 
velocity gave for the former a value of 0°0027 AV?, and for the 
latter, with models having ratios of length to diameter ranging 
from 1 to 8, to 1 to 6, about 72 per cent. of this. The resultant 
air pressure on a flat-ended cylinder in free air should therefore 
approximate to (0°72 xX 0°0082 AV?) = 0:0023 AV?. 

Mr. C. A. Carus Wilson, M.A., A.M.Inst.C.E., in a paper 3 on 
“‘The Predetermination of Train Resistance,’ quotes from the 
Report of the Klectric Railway Test Commission at St. Louis in 
1904. In the trials made by this Commission, a special car was 
constructed, vestibules with different profiles were fitted to the 
front and rear, and the pressure on each observed. The profiles 
experimented with are shown in Fig. 8 and the data obtained are 
given in Table X., columns 2, 3, and 4 for a speed of 60 miles per 
hour. Column 5 has been calculated from column 4 and the 
pressure recorded for profile No. 8 is taken by Mr. Carus 
Wilson as having a mean value between the total pressures for 


1 See Proceedings Inst. C.E., Vol. CLXXT., p. 191. 
2 See Proceedings Inst. C.E., Vol. CLVI., pp. 94 et seq. 
8 Proceedings Inst. CH, Vol. CLXXLI, p. 227, 
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Nos. 2 and 4. It should be noted that the air pressure constant 
for No. 1 profile is of approximately the same value as that just 
given for Stanton’s experiments ou a flat-ended cylinder—0-0023. 


TABLE X. 
Pressures on Front anp Rear or Car wirH Various 
PROFILES. 
Wront Rea Constant in 
‘ront ear J ae E 
Profile. Pressure. Suction. eter ps peu 
1 2 3 4 5 
Ibs. per sq. ft. | Ibs. per sq. ft. | Ibs. per sq. ft. 
No. 1 (Flat) a Suge ee 8:20 0°50 8°70 0:00242 
No. 2 (Standard). . . 4°53 1°40 5°93 0:-00168 
INGao saci he en bade os — 4°33 0:0012 
No. 4 (Parabolic) . . 2°50 0-24 2-74 0:00076 
No. 5 (Parabolic wedge) 2°10 O45 2°55 0:00071 
| 


The importance of the shape of the ends of a car is very 
evident from an inspection of the table and the remarkably small 
reduction of pressure on the rear end, with suitable forms, should 
be noted. It is probably partly attributable to the effect of its 
proximity to the ground, and that as the air, which is under 
compression beneath the car passes out behind, it partially 
neutralises the reduced pressure existing at the rear,~ Col. Cromp- 
ton observed in the course of the discussion on the papsr, that he 
believed the results had been confirmed by experiments conducted 
by Col. Holden, R.A., on projectiles, although he doubted the 
accuracy of the figures quoted for the very short profiles Nos. 4 
and 5. It may be remarked, however, that during the experi- 
ments made in water at the National Physical Laboratory? on a 
model of the Lebaudy airship, a region of dead water was 
observed to exist at the tail end, and it was found that as much 
as 13 per cent. of its length could be removed from the tail with- 
out appreciably increasing the resistance offered. The sections 


1 See Engineer, Nov, loth, 1912, p. 513, 
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shown are taken in the horizontal plane, but it may be assumed 
that a further reduction in pressure would be obtained if a simi- 
lar section in the vertical plane were 
adopted. 

So far the air resistance due to the 
pressures upon the front and rear ends 
of the body has been considered as this §©=—;————_;- 1 
is by far the most important, but in 
addition there are the frictional resis- 
tances of the sides, the resistance offered 
by the mudguards, wheels, axles, ete., 
and the effects produced by the discon- 
tinuity of the side, top and bottom sur- 
faces of the car. 


52. The skin friction coefficient (£) R 
for a single -surface is expressed by the 
ratio between F = one half of the re- 


sistance offered by an infinitely thin flat 
plate when placed parallel to the direc- 
tion in which the air is flowing and 
the resistance (p) offered by the same 
plate when placed normal to the direc- 
tion of motion of the air, and hence— 


Kea 8 <p: 


Mr. Carus Wilson in the paper pre- 

viously referred to stated that the co- 

efficient of friction between air and a 

flat surface lies between 0°0025 and 4 
0:0044 depending upon the roughness 

of the exposed surface, and that Mr. 

Batcheller in the course of some ex- : 
periments with the pneumatic despatch 

tubes of New York found the coefficient 

to be 0°0032 for a machined cast iron 

surface. Mr. Lanchester gives’ the _| 

value of €as being from 0°0045 to 0:0075 


for smooth plane surfaces of 0°5 to 1:5 


square feet area at velocities of from 20 i 
> § 157 * Fie, 8 
1 See “‘ Aerodynamics,” § 157, 
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to 30 feet per second, while subsequently,’ as the result of further 
experimental work, he has found that for practical purposes (in 
relation to areoplanes) the coefficient varies between 0°005 and 
0°15. Hence if the total resistance of a flat surface placed normal 
to a current of air, is expressed by the equation — p = 0:0032 VA?, 
the air resistance due to skin friction given by these coefficients 
will be as follows— 


Carus Wilson I? = From 0:000008 V2A. 
to 0:0000141 V2A 
Batcheller . F = 00000102 V2A 
Lanchester (a) F = From 00000144 V?A 
to 0:000024 V2A 
Lanchester (b) F = From 0:000016 V?A 
to 0°000048 V2A 


Zahm’s experiments? indicate that F = 0:0000158 / per foot of 
breadth of surface for smooth surfaces, where / is the length in feet in the 
direction of flow and that for rough buckram services I* = 0:0000244 V2A. 

Thurston,’ for smooth surfaces, has found that 


F = 0:0000098 A (V2 + 32°32). 
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It is probable that for such surfaces as are used for car bodies, 
whether of the touring or of the racing type, the resistance lies 
somewhere between 0°000016 V?A and 0:000024 V?A. It should 
be noted that the total resistance with stream-line bodies is only 
from 0°25 to 15 per cent. of that of normal plane surfaces. 

53. The air resistances of the wind screen, mudguards, wheels 
and axles are exceedingly difficult to estimate on account of the 
nature, character and position of the surfaces presented, as well 
as because of the disturbing influence of adjacent bodies upon 
the mode of motion of the air. For ordinary purposes, the assump- 
tion that they are equivalent to that of a flat plate of equal area 
to the frontal projected surface is probably within the limits of 
accuracyrequired, As regards the radiator, some of the air striking 
its surface is deflected to the sides and some passes through i 
the resistance of the latter being practically only that due to the 
frictional resistance of the cooling surface since the extremely low 
velocity of the air passing under the bonnet will cause the head 
resistance of any body or surface in that part to be almost, if not 

TSee “ Acrodynamics,”’ § 247, 


2 See Philosophical Magazine, viii., 1904, 
8 See Engineering, Jan. 24th, 1913. 
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quite negligible. Hence, an estimated resistance of about 50 per 
cent. of that due to a flat plate of the same superficial area will 
doubtless give a result that will not widely differ from the actual 
air resistance offered by the radiator. 

The estimation of the effects produced by the discontinuity of 
and irregularities in the surfaces exposed to air pressure and by 
the shielding of one surface or form by another is also a matter 
of great difficulty, as the air deflected from one surface may 
either impinge on or entirely escape another; and in all but 
exceptional circumstances is incapable of an analytical solution 
because of their complexity and the variation in size, form, and 
relative positions of the disturbing elements. But it is interesting 
to note that Dr. Stanton found! the total air resistance of two 
plates of the same shape and area when placed at'2°15 diameters 
apart to be equivalent to that of a single plate of the same 
dimensions, while at 5 diameters apart it amounted to 1°78 of 
that of a single plate. 

Attempts have been made to derive a formula that will give 
the air resistance of a car in terms of the exposed area and the 
velocity, which, since it is known that the separate components 
of the air resistance are given by equations of the form— 


p = constant X area X (velocity)? 


should be successful when applied to any particular car; and as 
Dr. Stanton has shown? that the ratio of the wind pressure on a 
complicated structure to that on a square board of the same area 
is the same as the ratio of the resistance of a small scale model 
to that on a small square plane, the air resistance will be pro- 
portional to their areas, that is, to the squares of their linear 
dimensions for geometrically similar forms. But the projected 
areas are difficult to determine with accuracy and there is so 
great a diversity in the proportions, dimensions and shapes of 
ears and their fittings, that no formula can be indiscriminately 
applied, even to cars of the same class. 

For simple forms, such as those of racing and some touring 
cars, the head resistance and amount of side friction can be fairly 
closely approximated to by the use of the data given, in the 
preceding work, supplemented by such other experimental 


1 See Proceedings Inst. C.E., Vol. CLVI 
2 See Proceedings Inst C.E., Vol. CLXXT. 
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information as to the detailed performances of previous vehicles 
as may be at the disposal of the designer. But since there must 
always be some element of doubt as to the accuracy of the 
constants employed, the sufficiency of the areas taken, and the 
assumptions which must always be made where there is any 
departure from the original form upon which the data are based, 
it is always preferable to obtain the resistance directly from a 
closely similar model by the aid of an accelerometer, notwith- 
standing the fact that air resistance is a comparatively 
unimportant factor at the speeds which are commonly used by 
touring cars except when rum iing into a very strong head wind. 
54. Air and Road Resistance by means of an Accelerometer,—If 
an accelerometer is mounted upon a car in such a manner that 
it is incapable of any relative movements, and when the speed at 
which the resistance of the car is to be ascertained is attained, 
the engine is declutched, the reading on the instrument gives the 
retardation produced by the combined air and road resistance 
and the frictional resistances, ete., of the transmission up to, and 
including, the clutch. The value obtained when the car is 
running on the level differs slightly (by about 3 per cent.) from the 
true value owing to the momentum stored up in the rotating 
parts, and the tests should be made on a gradual downward slope 
of, say, from about 1 in 30 to 1 in 60 as then the changes take 
place more slowly, thus giving a longer time in which to make 
the observations and the effect of the changing rotational 
momentum is rendered insignificantly small by comparison. If 
the observations made on a series of such tests at different car 
speeds and on the different gears are plotted against the velocity, 
the laws connecting the total air and road resistance measured at 
the clutch for that particular car and the speed of the car can be 
determined for each gear. The qualifying words ‘“‘ measured at 
the clutch” are used, because the tractive effort required to over- 
come the combined air and road resistances is increased by the 
frictiona -esistances of the transmission, which are not the 
same for all gears; and the actual resistance encountered at the 
road wheels will only be 7 times the resistance recorded on the 
accelerometer. It is the latter, however, which it is desired to 
find, since the engine torque must be sufficient after passing 
through the transmission gear to produce a tractive effort equal 
to the resistances to be overcome, (See Art. 47.) The relation 
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between the resistances on the various gears measured at the 
clutch will be inversely as the efficiencies of the transmission. 

The total resistance in pounds measured at the clutch is given 
by the equation— 


Wives yt ee! (=) 


and the resistance in lbs. per ton measured at the clutch is— 
want 4 (Kyau +e (1) 
sie tee Wop i i DE \ a6 
where f,’ = the road resistance in lbs. per ton measured at the 
elutch, W is the weight of the car in tons, and c! is a constant 
depending upon the type of the body, ete. 

A number of tests were carried out by the Treasury Horse- 
power Rating Formula Committee at Brooklands in July, 1912, 
to ascertain the relative horse-powers of a number of new and 
old cars of various makes, and in tabulating the results it was 
assumed that the road resistance was 50 lbs. perton. It was then 
found? that ct varied between 5°2 and 10°7 for four-seater cars with 
open bodies—hoods were down but some screens were up and 
some were not. An average value of c! was 8°28 and of i! 
was 5°83, on the direct drive. 

Therefore— 


« 


2 
Pen OO pb 83 fs lbs. per ton. 


55. The Efficiency of the Transmission, ete—The published in- 
formation relating to the efficiency of automobile gearing is 
exceedingly scanty and it is hardly possible to generalise from 
the performances of the various types of gear in other branches 
of work, having in view the difference in the conditions under 
which they are employed, and because the efficiency depends so 
largely upon the mechanical condition of the gear, the effective- 
ness of the lubricant and the lubrication, the number of bearings 
and the method of their support, the pressures to which the gears 
are loaded and the speed at which they are run, while the 
presence or absence of any distortion at the bearings, the align- 
ment of the shafts, ete., will also influence the transmission 
efficiency considerably. 

_ As regards the gearbox, even when on the direct drive, there is 
1 See R. A, C. Journal for 26th July and 20th Sept., 1912. 
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always a certain proportion of the power lost in friction at the 
bearings and in churning up the lubricant in the gearbox, which 
loss will be the greater as the lubricant becomes more viscous as 
the depth of immersion of the wheels is increased. Thus with 
grease the efficiency will be less than with oil; and if the wheel 
teeth just dip into the oil, the efficiency will be greater than if 
the oil reaches the level of the bearings. With correctly machine- 
cut spur gears, the efficiency of a pair of wheels should reach 96 
per cent. when in good ecndition, and efficiencies of over 98 per 
cent. have been attained with a pair of helical gear wheels. 
These percentages may be almost regarded as maximum values, 
as it is questionable whether they are ever exceeded in actual 
practice, especially under light loads and if grease is used. 
Under full load, the efficiency may reach 98 per cent. on the 
direct drive with oil as the lubricant and about 96 per cent. when 
thick grease is used ; while on the indirect, the percentages will 
probally seldom be more than 92 and 90 respectively, for the 
two lubricants, rising to, say, about 93 and 91 per cent. when 
helical teeth are used on the constant mesh wheels. Lower 
efficiencies may be anticipated, the longer the gear shifts, and 
where the wheels in mesh are nearer to the centres of these shafts, 
on account of the effect of flexure upon the tooth action. With 
the shaft-to-shaft. gearbox the loss will be due to one pair of 
wheels only plus churning of bearing losses, so that efficiencies of 
about 94 and 92 per cent. for the two lubricants are, probably, 
approximately correct. 

The Bevel wheels in the rear axle when well finished and in 
perfect condition, may have an efficiency almost as high as that 
of spur wheels; but it is extremely doubtful if they ever reach so 
high a figure, on account of the end thrust upon the bearings, 
which is in addition to the usual bearing friction, and because of 
the distortion of the wheel teeth which frequently accompanies 
the hardening process to which they are subjected, although this 
may be, and is sometimes, rectified by grinding the rough cut teeth 
to the correct shape after hardening or by the use of special 
processes or steels. The accurate meshing of the teeth is also a 
matter of some difficulty, since for perfect tooth action the axes 
of the two shafts should intersect at the apices of the pitch cones 
of the two wheels. Published accounts! of experiments carried 

See Science Abstracts, Oct. 1912, p. 479 
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out by Messrs. Waterman and Kenerson in-U. 8. A. show that 
efficiencies of 94:2, 95:1 and 98°9 per cent. are obtainable with 
the bevel drive giving a 4°45 to 1 reduction when transmitting 30, 
40 and 50 horse-power respectively at 880 revolutions per minute. 
These figures were, however, disputed by W. Lanchester in a 
letter in the Awfocar relating to his paper! on “‘ Worm Gearing,” 
on the ground that the dynamometer used was subject to a 
possible error of 2 per cent., but this was denied by Mr. Kenerson 
in a subsequent letter? to the same periodical. It would appear 
that the efficiency at full load can be safely assumed t be about 
95 per cent. at higher speeds, say, above 800 revolutions per 
minute, and from 94 to 92 per cent. at lower speeds of 1 evolution, 
as when on the indirect drive. 

The efficiency of worm-gearing, neglecting frictional losses at 
the bearings, is to be found from the equation ? :— 


tan a 


1 tan(a +26) 


where a is the pitch angle of the thread, x is a quantity depend- 
ing upon the shape of the thread (being 1°03 for a 29 degrees 
thread) and o is the angle of friction between the worm thread 
and wheel tooth. « is usually neglected on account of its small 
value, and is due to the fact that the pressure upon the thread 
does not act normal to the surfaces in contact. Thus, if 9 is 
very small—as it will be with well lubricated worms which are 
not overloaded nor run at too high speeds—y may reach a high 
figure. Within certain limits the efficiency increases slightly 
with an increase in rubbing speed. 

Professor J. H. Barr gives the following equation for the 
efficiency of worms supported in ball thrust bearings :— 


_ tana (1 — wtana) 
aS, tana + pu 


where p is the coefficient of friction = from 0°02 to0°04. Actual 
efficiency tests indicate, however, that the efficiency of steel 
worms with phosphor bronze wheels, when a equals from 80 to 
40 degrees, lies somewhere between 87 and 94 per cent., although 


1 See Proceedings 1.A.H., Vol. VIL., and Autocar, March 15th, 1912, p. 473. 
2 See Autocar, May 10th, 1912, p. 865. aoe 
8 See Goodman’s * Mechanics applied to Engineering. 
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Méssrs. Waterman and Kenerson obtained, in the tests’ above 
referred to, efficiencies of between 92°4 and 97°9 per cent. with 
an increasing load for the parallel worm; but these figures are 
subject to the remarks made above in connection with the bevel 
cear tests. ‘ 

In the experiments? carried out at the National Physical 
Laboratory, it was shown that hollow-faced worms gave 
efticiencies as high as 96°8 per cent. at high speeds under heavy 
loads, which is the speed decreased, gradually approached 95 per 
ceit., the lowest efficiency recorded (about 93 per cent.) being 
under light load. Differences in the numerical values obtained 
will naturally accompany variations in the sizes, proportions and 
mechanical perfection and in the tooth clearances of the worms 
and wheels, as well as, in the quantity, class and temperature of 
the lubricant employed, as was evidenced by these tests. Com- 
menting on the results of these tests, Mr. Lanchester points out 
that the efficiency at reduced speeds was rarely below 94 per cent. 
and that it was quite exceptional to record lower efficiencies than 
93 per cent., the efficiency being a maximum under heavy loads 
at the highest speeds. He claims as a result of similar tests on 
the same machine with parallel worms at the Daimler works 
that the Hindley worm is always superior to the parallel worm, 
especially under heavy loads, where the efficiency is greater by 
from 8 to 4 per cent., and that it can carry loads without a 
sacrifice of efficiency which would cause the rupture of the oil film 
on parallel worms, largely because the oil film between the teeth 
of the wheel and the thread of the worm is always well 
maintained, that is, within the practical limit of loading. 

It will be assumed that the Hindley worm has an efficiency at 
least equal to that of bevel gears, namely, 95, 94 and 92 per cent., 
for the three conditions as to speed mentioned above and that 
the efficiencies of the parallel type of worm are about 1°5 per 
cent. lower than these, namely, 93°5, 92°5 and 90°5 per cent. 

Some very high efficiencies have been recorded with silent 
chain drives... Mr. A. 8. Hill in a paper? on “ Chains for Power 
Transmission ” states that the efficiency may range between 94°5 
and 98°5 per cent., increasing with the load upon the chain and 


1 See Science Abstracts, Oct., 1912, p. 479. 


2? See Proceedings I.A.l., Vol. XXIL., and Autocar, March 15th, 1912, p. 473. 
8 See Proceedings 1.A.H.. Vol. 1V., pp. 314, 315. 
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decreasing with the speed at which it is run, and that with well- 
designed drives, under average conditions, an efficiency of between 
94 and 96 per cent. should be maintained. With the lower 
figures, therefore, the indirect drive in the gearbox, if chain 
driven, should give a combined efficiency of about 88°5 per cent. 
and with the higher, about 92 per cent. 

In addition to the losses already referred to, some power is 
wasted at the universal joints and at the clutch and its con- 
nections, which may be roughly assumed to be about 1 per cent. 
at high speeds, but this will depend upon the angle between the 
end shafts, the number of universals fitted, and the condition 
of the surfaces. It is probably seldom less than 2 per cent. at 
low car-speeds. 


TADEE x1; 


TRANSMISSION HFFICIENCY wirH SpuR GEARBOX AND BEVEL OR 
WorM-Drive IN Rear AXLE. 


Rear Axle Drive. 


Gear. Bevels or Hindley Worm. Parallel Worm. 
Oil. Grease. Oil. Grease. 
per cent. per cent. per cent. per cent. 
Relurn shaft box. 
Direct. ; : , 92°0 90°3 90°6 88°9 
Indirect Higher speeds . 85:5 83°6 84-2 82°5 
; Lower speeds . 83:0 811 81°6 798 
Shaft to shaft box. i 
Higher speeds . 87'4 85°5 86:0 84:2 
Lower speeds . 84:7 82°9 83°3 815 


This table summarises the efficiencies given in the preceding 
text, and, so far as can be ascertained, appears to be comparable 
with the results obtained from actual tests. For return shaft 
gearboxes where the constant mesh wheels have helical teeth 
the efficiencies for the indirect drive may be increased by about 
1 per cent. Mr. Legros! quotes the results of some experiments 
made by Mr. Hess, and recorded in the Motor T'rader,? during 
which, as the load increases, the efficiency rose irregularly from 


1 See Procecdings I.A.H,, Vol. LOL, pp. 357 and 358, 
2 Sce Mutor Trader, 25th Sept., 1907, pp. 728—730. 
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88'1 to 90°7 per cent. on the direct. drive, from 86°8 to 87°6 per 
cent. on the second speed, and from 824 to 84°5 per cent. on the 
bottom gear. On the reverse the efficiency fell from 78:2 per 
cent. at light loads to 61°6 per cent. at heavy loads. It is 
probable that the quantity and viscosity of the lubricant in the 
gearbox, the variation in the angularity of the propeller shaft 
and the differences that must be present in various designs would 
amply suffice to cause greater deviations in the magnitude of the 
efficiencies obtained than are indicated above. 

56. The Estimation of Power.—The power developel by the 
engine is dissipated in overcoming the resistances to traction 
(rolling, gradient and air) and the frictional losses in the trans- 
mission gear between it and the road wheels. These individual 
resistances have been examined and values assigned to them, 
from which the magnitude of the total resistance can be closely 
approximated to at moderate speeds. But under some circum- 
stances it is also desired that the power available (tiat is, at any 
given speed, the tractive effort) at the road wheels should be 
sufficient to increase the car speed at a certain rate, which should, 
however, preferably be not more than three feet per second per 
second from considerations of personal comfort and wear and 
tear on tyres, etc. ‘This necessitates the expenditure of energy, 
the magnitude of which may be found from the contained pro- 
duct of the mass of the vehicle, the rate of acceleration and the 
distance over which the accelerating force acts; since the force 
required to produce an acceleration equals the mass multiplied 
by the acceleration, and the product of this force and the distance 
through which the body is moved is the work done, the units 
being either lbs , feet, seconds, or C.G.S. Thus, for an accelera- 
tion of one foot per second per second, the force required is 
2240 — 32°2 = 70 lbs. per ton. The force which may be thus 
utilised is represented by the difference between the tractive 
effort available and the combined air, road and gradient 
resistances ; but this force will not be constant, since the engine 
torque transmitted varies with the engine revolutions, and as the 
car speed increases the tractive resistances become greater, thus 
diminishing the available accelerating force, although the aug- 
mentation of the resistance at low car speeds may be neglected 
for small accelerations. 

It will now be clear that the power which it is necessary for 
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the engine to develop in order to propel the car at a definite 
speed under any known conditions of road, gradient, etc., can be 
ascertained with reasonable accuracy quite irrespective of the 
engine revolutions or the gear-ratios employed. But if the 
engine and car speeds are predetermined by other considerations, 
the gear-ratios and tyre diameters are at once fixed within 
closely defined limits ; and the cylinder dimensions must be such 
that the torque transmitted to the road wheels will be, at any 
time, not less than the tractive resistances to be overcome, 
Conversely, if the cylinder dimensions and the engine revolutions 
are known, the gear ratios, and consequently the car speeds, 
must be proportioned so as to equalise the tractive effort trans- 
mitted from the engine to the tractive resistances encountered. 
(See Art. 47.) 

EHxample.—Find what brake horse-power must be developed 
by an engine in order to propel a car weighing 1°5 tons when 
fully loaded, up a gradient of 1 in 4 at a speed of 7°5 miles per hour, 
if the road resistance is 50 lbs. per ton, and the total air resistance 
of a similar vehicle, measured at the clutch on the direct drive 


, ; ve\e 
is known to be given by the equation — f, = 5°8 es Ibs. per 


ton. 
The tractive effort required in lbs. per ton at the road-wheels is 


For road resistance . é 5 =) BO <link 


: ; 2,24 
For gradient resistance = al = 5791 lbs. 


Total : : 629°1 lbs. 


Assuming that the transmission efficiency on the indirect 
drive is 82 per cent., the tractive effort required measured at 
the clutch to overcome the combined road and gradient resistance 
will be— 

1:5 X 629:1 + 0:82 = 1,150°8 lbs. 


The tractive effort measured at the clutch on the direct drive 
to overcome the air resistance is given by the equation— 


“h\ 4 
f,=15 x 58 (1) — 4-89 Ibs, 
but since the car will be on the indirect gear, and the efficiency 
M.C.E. a 
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of the direct drive may be assumed to be 90 per cent., the 
tractive effort measured at the clutch will be 4°86 x 0°9 +082 = 
5°37 Ibs. This may be neglected for all practical purposes, 
as the percentage error involved by so doing is well within 
the limits of accuracy demanded or even possible; but in this 
case it will be added to the road and gradient resistances and 
the total tractive effort required, F’, measured at the clutch, is, 
therefore, 1,150°8 + 5°37 = 1,156°17 lbs. 


Hence— 
F’ x distance moved in feet per minute 
BeGRs== 35,000 
__ 1,156 x 7:5 X 5,280 
~~ 60 X 83,000 
= 125 12; 


If the car is so geared that it is capable of a speed of 29 miles 
per hour on the direct drive, at the same engine speed as that at 
which it travels at 74 miles per hour on its bottom gear, the 
engine will be able to produce an acceleration of 0°418 feet per 
second per second on a gradient of 1 in 40, which may be deter- 
mined in the following manner :— 

The tractive effort required in lbs. per ton at the road wheels 
is— 

For road resistance : : : . 501bs. 
For gradient resistance = 2240+ 40 = 56 lbs. 


106 lbs. 


The tractive effort for road and gradient resistances measured 
at the clutch will, therefore, amount to 1°5 x 106-09 = 
176°7 lbs. 

The air resistance, measured at the clutch, at 29 miles per 

: 29\ ? 
hour is 1°5 x 5°8 (= Ibs. = 73:2 lbs., and the total tractive effect 
for the combined resistances is 176-7 + 73:2 = 249-9 lbs. 

The available tractive effect measured at the clutch = 


____ B.HLP. x 83,000 __ 28°1 x 88,000 x 60__ 
Distance moved in feet per min. _ 29x 5280 _ 298°7 lbs. 
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Hence force available measured at the clutch for acceleration 
purposes = 298°7 — 249°9 

== 48°8)Ibs. 

This effort is reduced by transmission through the gearing 
to 48°8 x 0°9 = 43°9 lbs., and since for each ton weight an 
accelerating force of 70 lbs. is required per 1 foot per second per 
second, the rate of acceleration will be 48°9~+('5 x 70) = 
0°418 feet: per second per second. 


CHAPTER V 
DETERMINATION OF ENGINE DIMENSIONS 


57. As has been stated in Art. 47, the dimensions of the engine 
may be determined either indirectly, by the power requirements, 
or directly, by such considerations as the public demand for an 
engine of a certain rated horse-power or cubic capacity, or by the 
desirability of adding to the number of models manufactured. If 
the former is the case, the cylinder dimensions that it is 
necessary to employ in order to develop sufficient power at the 
normal speed of revolution must be calculated; while, as regards 
the latter, the process is reversed, and the horse-power output at 
normal engine speed must be ascertained. 

A number of formule have been devised for the purpose of deter- 
mining the horse-power in terms of the engine dimensions; but 
these are, in the main, of an empiric character, (though some may 
have a rational origin) and therefore, unsuitable for general 
adaptation in design. Their utility would appear to be almost 
entirely confined to competition work or to estimating the power 
for taxation purposes. The assumptions which are commonly 
made in connection with the derivation of such formule neglect 
the effects produced by variations in the gas velocities employed, 
in the compression ratio, in the stroke-bore ratio and in the cool- 
ing surface—cylinder volume ratio; but, while it is admitted 
that the influence of these and other factors are often insignifi- 
cant within the limits of the dimensions usually employed, and 
is sometimes entirely obscured by other causes, of which mixture 
strength is one of the most important, their individual tendency 
and combined effect cannot be ignored. Hence it is well to start 
from first principles excepting where the engines produced by a 
manufacturer are of more or less standard design, as then a 
formula may be advantageously derived that will give eminently * 
satisfactory results in that particular works, and perhaps be 
applicable to other engines of a similar type and class 
elsewhere, 
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58. The Brake Horse-power in terms of the Engine Dimensions.— 
The brake horse-power formula for any engine in terms of the 
engine dimensions is :— 

n PLAN” 

iB ele —— ~ 38,000 _ 

where 7 is the mechanical efficiency of the engine, that is, the 
ratio between the brake horse-power and the indicated horse- 
power and the other terms have their usual significance, namely, 
P is the mean effective pressure in pounds per square inch, L is 
the length of stroke in feet, A is the area of the piston in square 
inches, N is the number of power strokes per minute per cylinder, 
and n is the number of cylinders. Thus, 7 P is the mean 
effective pressure in pounds per square inch of piston area calcu- 
lated from the brake horse-power and is a very convenient means 
of reference, since the brake horse-power of any engine can be 
determined with greater facility and accuracy than the indicated 
horse-power and is therefore more frequently known. 

If the bore and stroke are in millimetres but the remaining terms 
have the same meaning as before, the expression for the brake 
horse-power becomes— 

nPL’A’Nn 
Bie = 649 x 10) 


Where metric units are used, the mean effective pressure being 
in kilos per mm.’ the bore and stroke in millimetres and N’ is 
the number of power strokes per second per cylinder, the metric 
horse-power may be found from— 

7 et AN On 
-ce-de- _—— 
Force-de-cheva 75,000 
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since one brake horse-power =1°014 force-de-cheval, and the 
force-de-cheval =75.000 mm. kilos of work per second. 
To determine the torque in kilos mm., the B.H.P. should be 
multiplied by 76,050 and divided by 2 7 N®. 
Bate BSB ox 16-050 
Thus: gUGvantailleksaronnaahs, Sx San’ is 


B.H.P: X 33,000 
T in lbs. feet = onN 
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59. The Mechanical Efficiency of an Engine depends upon several 
factors which may be summarised under two headings—trictional 
losses and pumping losses — the former being composed of 
mechanical friction at the pistons, bearings and the wearing 
surfaces generally ; while the latter is the work done in pumping 
the charge into, and exhausting it from, the cylinder. The 
principal are :— 


(a) The degree of mechanical perfection attained in the design. 

(6) The condition of the working surfaces. 

(c) The effectiveness of the lubricating system and lubricant 
employed. 

(2) The temperature of the cooling water. 

(ec) The weight of all reciprocating parts. 

(f) The speed at which the test is made and the proportion of the full 
load carried by the engine. 

(7) The adequacy of the valve areas and port openings and the 
suitability of the valve timing. 


The first is of importance because any reduction in the number, 
diameter, and rubbing velocity of the working surfaces must con- 
duce to a diminution of the frictional losses providing that the 
lubrication can be effectively carried out. This should not, how- 
ever, be considered as justifying a decrease in the number of the 
bearings for the crank and camshafts, as here the provision of a 
large number of points of support assists in giving greater 
rigidity to the shafts, thus preventing high intensities of pressure 
at each end of the journals. For similar reasons, the employ- 
ment of overhung rotating shafts carrying radial loads should be 
avoided wherever possible. But where a part can be dispensed 
with, without impairing the design, it should not be used. One 
set of gears can often be arranged to drive the water pump and 
the magneto, or the camshaft and the lubricating pump. If 
bevels or worms are fitted on the two ends of a shaft, the direc. 
tion of motion and the proportions of the gear should be so 
arranged that the end thrust from one set is taken up by that 
from the other thereby entirely removing or largely reducing the 
load upon the thrust bearings that are so often a source of trouble 
owing to the difficulty of providing effective lubrication. It is 
not sufficient to neglect these factors because of their small 
magnitude. Cams must be correctly shaped, bearing pressures 
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kept within certain limits, parts that carry bearings must be 
made rigid, and all parts shall be well-proportioned if the highest 
efficiency is to be reached. 

The condition of the surfaces will affect the mechanical 
efficiency because the use of unsuitable materials, bad fitting, or 
excessive or inadequate clearances must cause the friction to be 
excessive. Further, the supply of lubricant must be copious, 
though not excessive, and it should be of suitable quality in 
order to maintain the oil film between the rubbing surfaces, 
yet not so viscous as to cause a loss of power in shearing the oil 
film. 

As regards the cooling water temperature, assuming that all 
other variables remain constant, there is some small temperature 
range (varying with different engines) over which the most satis- 
factory results are obtained. This is probably due to the greater 
heat loss and less effective carburation at a lower temperature, 
which more than neutralise the advantage to be derived from the 
increased weight of the charge taken into the cylinder ; and the 
greater frictional losses at the piston at a higher temperature, 
while at some still higher temperature, the reduction of the 
weight of gas drawn into the cylinder causes the mean effective 
pressure to be diminished, notwithstanding the lower heat loss. 
Thus the lower temperature will be conducive to a higher 
mechanical efficiency and to a lowering of the mean effective 
pressure ; but with a rise of temperature the former will decrease 
and the latter become greater, until overheating commences to 
take place, and hence, some intermediate temperatures will give 
the greatest power output and the most economical consumption of 
fuel. 

The reduction of the weight of the reciprocating parts to the 
minimum value consistent with safety is of importance, especially 
for high engine speeds, on account of the high stresses and bearing 
loads produced by the inertia forces acting, and which may exceed 
those due to the explosion pressure alone unless special attention 
is directed to this. In addition, the friction caused by the side thrust 
upon the piston from the accelerating and decelerating forces acting 
in the line of stroke increases directly as the reciprocating mass and 
as the square of the speed of revolution ; while the power lost in 
operating the valve gear, etc., becomes considerably augmented 
where heavy parts have to be Gay set in motion. Speed and 
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the proportion of the full load carried by the engine will also 
influence the mechanical efficiency, as friction increases with the 
speed ; and while some portion of the power lost in overcoming 
frictional resistances will vary directly as the load, the friction 
losses from inertia loads, and at the piston rings, and the power 
required to operate the valves, pumps, magneto, ete., will be almost 
entirely independent of the power developed. Hence they will 
form a larger proportion of the power under light load than at 
full power. Furthermore, the work done in drawing a charge of 
gas through a restricted throttle opening will be greater at low 
powers than under heavy loads. 

Valve and port openings should allow as free an entrance and 
exit of the gases as is possible for a high mechanical efficiency, 
because the negative work loop of the indicator diagram is 
disregarded in ascertaining the indicated horse-power. Thus, if 
the pressure during the exhaust is high or during induction it is 
low, as they will be if there are restricted valve areas and port 
openings, long and indirect passages or badly arranged inlet and 
exhaust piping, the area of this loop may be considerable and 
thereby diminish the actual power transmitted by a large 
amount. Similar remarks apply in some measure to the valve 
setting employed, as if this is not correct for the speed at which the 
engine is to normally run, both in the timing and in the rate of 
opening and closing, having due regard to the extent to which 
flexibility and quiet running are desired, there will be at some 
time a wiredrawing of the charge and hence a diminution in 
the quantity of gas taken as well as in the mechanical efficiency. 

The mechanical efficiency ranges in practice between about 85 
and 90 per cent. at full power, although, at times, values below 
the lower limit and sometimes slightly above the higher have 
been obtained. For design purposes it is fairly safe to assume a 
value approximating to 85 per cent. or perhaps 88 per cent. in 
some instances, failing more definite information from the results 
of tests with similar engines. 

60. The Mean Effective Pressure in the Cylinder is directly 
influenced by the compression pressure, for, if the latter is raised, 
the former tends to become greater, although the rate of increase 
is not the same in both cases. (See Art. 48.) But the diverse 
results obtained from engines having the same compression ratio 
indicate that there are other factors to be considered of which the 
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-most important is the strength of the mixture. An engine may 
be adjusted to give the maximum power, highost thermal 
efficiency, or most economical results at certain speeds by a 
variation in the mixture strength, and this partly accounts for 
the differences that exist in engines using the same nominal 
compression. Next,as the ratio of the cooling surface to cylinder 
volume increases, so does the heat loss to the cooling water, and 
therefore the pressures in the cylinder during compression and 
expansion, as well as at ignition, will decrease. These will 
depend not only upon the shape of the combustion chamber, but 
also upon the bore and the ratio of stroke to bore. (See Arts. 40— 
43 and 59.) Whether the effect of these considerations upon the 
mean effective pressure is sufficient, or not, to require that notice 
should be taken of them, having regard to the marked results 
produced by the variations in mixture strength and the gas 
velocities employed, is not agreed upon but there is sufficient 
evidence to show that their influence is in the directions 
indicated, and it would be well to make suitable allowances for 
them wherever possible. 

For a high mean effective pressure, the valve openings must 
have large area, as the compression pressure is dependent upon, 
first, the compression ratio; secondly, upon the extent to which 
cooling takes place; and thirdly, upon the pressure within the 
cylinder at the time of closing the inlet valve. Throttling the gases 
from any cause or the use of high velocities at high engine speeds 
will necessitate a late closing, thus reducing the compression, 
and consequently, the mean effective pressure; while the reten- 
tion of the products of combustion from a previous charge in the 
cylinder has the tendency to cause over-heating, which still further 
reduces the charge weight taken by the engine. As Mr. Pomeroy 
expresses it, an engine must have a “ high volumetric efficiency.” 

The mean effective pressure also depends upon the speed of 
revolution or piston speed of the engine and is a maximum at 
the speed of maximum torque, which, as previously stated 
generally coresponds to a piston speed of about 1,000 to 1,200 feet 
per minute (5°0 to 6°0 metres per sec.) or slightly higher for 
special engines. This will not be the speed at which the maxi- 
mum power is developed as the rate of decrease in the torque, 
due to higher gas velocities, will be less than the rate of increase 
in the piston speed of the engine. At this speed, the indicated 
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mean effective pressure generally ranges between 67 and 100 bse 
per sq. in (0047 and 0:07 kilos per mm.?) although with engines 
built for rating, etc., over 180 lbs. per sq. in. (0°091 kilos per mm.) 
have been attained corresponding to values of 7P of about 57 to 
85 lbs. per sq. in. (0°04 to 0:06 kilos per mm.) and 110 lbs. per 
sq. in. (0°077 kilos per mm.?) respectively. 

61. Piston Speeds, etc.—The factors influencing the piston speed 
revolutions and the ratio of the stroke to bore have been fully 
discussed in Arts. 40—42, and it is, therefore unnecessary to refer 
to them further here. It may, however, be noted that the normal 
speed of revolution of the engine, and the ratio of the stroke to- 
bore, should be largely determined by the speed of maximum 
torque and by the nature of the conditions under which the engine 
is intended to be employed. 

Tt is difficult to lay down any definite values on account of the 
variable effects of the controlling factors, but in Art. 41 the piston 
speeds generally obtaining in current practice at the speeds of 
maximum torque and maximum power are indicated. These are 
principally intended for general guidance, for the ultimate decision 
as to what piston speed, revolutions, and stroke bore ratio are to 
be employed in a design must be left entirely to the judgment of the 
designer, who will no doubt be largely guided by the performances 
of previous engines he may have designed or which are of a similar 
type and size, subject to such modifications as the improvements 
he proposes to introduce may warrant. 

.62. Compression Ratio—As has been stated in Art. 48, the 
compression ratios generally adopted for engines in touring and 
commercial vehicles vary between 3°78 and 4°32 but both higher 
and lower values are occasionally employed. The compression 
pressures given in that article are the nominal compression 
pressures, as although they are calculated from the equation 
pv’= constant, it is assumed that the pressure in the cylinder * 
when the piston is on the out-centre is atmospheric, that com- 
pression starts at the commencement of the stroke, and that the 
value of y is 1°3, and all these assumptions may be incorrect. 
The actual compression pressure obtained in an engine having any 
given compression ratio will vary with the size of cylinder, the 
ratio of cooling surface to compression volume, the speed of the 
engine, the velocities of the gases and the pressure in the cylinder 
at, and the actual time of closing, the inlet valve. 
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Hence, in order to determine the compression pressure, it is 
necessary to estimate the probable value of the exponent 7 and 
the pressure in the cylinder at the time of closing the inlet valve, 
from the results obtained during previous tests; but it is usually 
sufficiently accurate, and more convenient, to assume that the 
whole of the compression curve follows the law pv’ = constant, 
and not only that for the portion of the stroke completed after 
the closing of the inlet valve, since any value that may be 
assi.ned to 7 is onlya mean value. The pressure in the cylinder, 
When the inlet valve closes should be approximately that of the 
atmosphere. (See also Art. 66.) 

63. The Cylinder Dimensions required for a stated Horse-power.— 
The expressions from which the brake horse-power may be 
calculated have been given in Art. 58, and are stated below 
in terms of the piston spread as well as the revolutions :— 


n PLANn 7» PASn 
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where S is the piston speed in feet per minute, M in metres per 
minute and M’ in metres per second. 

Having decided upon the piston speed or the revolutions at 
which the required horse-power is to be developed as well as the 
stroke-bore ratio, the number of cylinders and the compression 
pressure or compression ratio to be employed in the design, the 
only unknowns are the mean effective pressure on the brake, and 
either the bore or the bore and stroke, according as the piston 
speed or the revolutions are fixed. 

64. The mean effective pressure may be found in three different 
Ways. 

In all works the results obtained from the various engines 
which have undergone test on the bench are recorded, including 
the brake horse-power, revolutions and conditions under which 
the tests were made and probably, also, particulars of their sub- 
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sequent performances on the road or on the track after being 
fitted to a chassis. These data, particularly the power-speed and 
the torque-speed curves, will doubtless have been graphed in order 
to render the characteristics of the engine more clearly evident. 
From an examination of these, and knowing the general design 
of the engines to which the records refer, suitable allowances can 
be made for any alterations in the dimensions, construction, 
speed, compression, velocities of gases, etc., and the mean effec- 
tive pressure which it may be expected will be attained in the 
new design can be very closely determined. 

This, it need hardly be mentioned, is the most satisfactory 
way of working, and should always be resorted to if such figures 
are available, even when the changes proposed in the design are 
so radical in their character as to render any supposition made 
open to doubt as to its probable approximate accuracy, since the 
alternative methods given below can only be correct for a par- 
ticular set of conditions and the allowance that should be made for 
any departure from them depends so much upon the judgment of 
the designer for their corrections. 

65. The second method is empiric, and suffers from the limita- 
tions to which all empirical formule are subject, namely, that 
they are not applicable indiscriminately, but it will be found to 
give good average results in its application to engines of from 
3 inches (75 mm.) up to about 5 inches (125 mm.) bore, em- 
ploying gas velocities of about 6,000 feet per minute (80 metres 
per second). 

Brake mean effective pressure in lbs. per sq. in. gauge 
= kPV/D VP 
where P is the nominal compression pressure in lbs. per 
square inch absolute, D is the diameter of cylinder in inches and 
k isa constant depending upon the ratio of cooling surface to 
combustion chamber volume. 

For a low value of this ratio, such as is obtained in cylinders 
with valves placed in the head and a high stroke-bore ratio, say, 
from 1°6—1'8, the value of k approaches 5:6, and fora high value, 
as when the valves are arranged on opposite sides of the engine 
and a low stroke-bore ratio, say from 1:°0—1‘2, about 5:2. For 
present day practice where the valves are all arranged upon one 
side of the engine and the stroke-bore ratio is about 1:4, k = 5:46. 

If the diameter of the cylinder is in millimetres the constants 
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k in the equation become 39, 8°65 and 38°76 for the three 
conditions given; and if, in addition, the compression pressure 
and the mean effective pressure are in kilos por mm. the con- 
stants k = 0°0152, 0°014 and 0.0146 respectively. 

It will be observed that in both of these methods the mean 
effective pressure on the brake is referred to, as with the former 
the indicated horse-power is not always obtainable and as 
regards the latter, the expression does not allow of such a refine- 
ment as would take account of the small variations in the 
mechanical efficiency of engines. 

66. The third method may be termed “ rational,” and is some- 
what similar to that followed in steam-engine practice. The 
general procedure is to ascertain the mean effective pressure 
from a theoretical indicator diagram, or from an equation for 
the mean effective pressure during adiabatic compression and 
expansion—the latter being preferred; then assume a diagram 
factor, and a value for the mechanical efficiency of the engine, 
and hence obtain the mean effective pressure on the brake. 

The diagram is constructed in the following manner. Since 
there must be a reduced pressure in the cylinder to cause the gas 
to flow into it, and the inlet valve is maintained open until the 
piston has receded some short distance into the cylinder, the 
pressure at the end of the stroke will always be below atmo- 
spheric. The point at which the compression line will cross the 
atmospheric line will depend not only upon these factors but also 
upon the engine speed, the velocity of the gases through the 
valve, the time of closing the inlet valve, and the ratio of the con- 
necting rod to the crank radius. With engines of normal construc- 
tion, employing gas velocities of not more than 7,000 feet per 
minute (35 metres per second), this will be sufficiently allowed for 
by commencing the compression line at a pressure of from 12°5 
to 13 lbs. per square inch (0°88 to 0°91 kilos per cm.’) absolute. 
The compression line will follow the law pv’ = constant where 
y ranges from 1°3 to 134, being higher for a low surface- 

volume ratio, a large bore, or a fast running engine, than for a 
high ratio and a slow-speed engine of smaller bore, and should be 
taken to the end of the in-stroke. The explosion line should be 
drawn vertically at the end of the stroke and rise to a pressure 
from 4:0 to 4'2 times the absolute compression, pressure obtained 
depending upon the engine speed, the shape of the cylinder, etc., 
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being nearer to the higher value at moderate speeds and with 
cylinders without pockets. The equation of the expansion curve 
will be px’ = constant, where y is from 1:25 to 1°38, and will be 
affected by the same considerations as the compression line, but 
in a reversed sense, that is, it will be nearer the higher value 
when the surface-volume is high. Before drawing these curves, — 
the compression ratio, 7, should be determined as follows :— 


Pvt = pwr 
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Then set off unit length OA along the abscissa from the origin 
O and AB from A equal to 7 units in length. The length OA 
represents the volume of the combustion chamber and AB the 
stroke volume of the cylinder, irrespective of the final dimensions. 
By taking intermediate points x, y,. .. between A and B, the 
pressures at these points can be calculated from the equation 
P@Y = PytyY (Where v = OX and 7v, = OB) and plotted on the 
diagram. Care should be observed that the pressures are in abso- 
lute units and that the volumes are measured from the point O. 

Next, find the mean effective pressure of the diagram, either 
with the aid ofa planimeter, or by the mid-ordinate method, but 
preferably the former, and multiply this by the diagram factor of 
0-95; the result will be the indicated mean effective pressure. 
The diagram factor is used to compensate for the areas which 
will be absent in an actual diagram ; for example, the explosion 
pressure will not generally rise to four times the absolute com- 
pression pressure, but the line is taken to that point because the 
true expansion curve always starts later than the commeacement 
of the stroke. Similarly, the shapes of the curves are affected 
near their termination by the speed of revolution, shape of 
cylinder, the exhaust period and the timing of the ignition. 

67. The indicated mean effective pressure may also be deter- 
mined by calculation in the following manner :— 


The work done during the adiabatic expansion of a gas from a 
volume 1 to v 
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The work done per stroke divided by the displacement of the 

piston is the mean effective pressure, and the displacement is 

the distance moved times the area of the piston, which equals 
(v2—%1). 


Hence—mean effective pressure = ae (1 pis #3) 
r Dea) ~ 4 
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During the compression stroke p; is the compression pressure 
and during the expansion stroke p, is the ignition pressure, 
and having their usual significance, namely, the exponent of v in 
the equation to the curve of expansion or compression, and the 
compression ratio respectively. Hence, making the assumptions 
indicated in Art..66, as regards the pressure at the commence- 
ment of compression and the value of y, the compression 
pressure or ratio, whichever is unknown, may be determined, and 
from the compression pressure, the pressure at ignition may be 
approximated to. Then all the quantities which are required in 
order to calculate the mean effective pressure on the compression 
and expansion strokes from the above equation are known, and 
the difference between the mean effective pressure on the two 
strokes, multiplied by the diagram factor, 0°95, will be the mean 
effective pressure on the piston. 

68. When the indicated mean effective pressure has been 
ascertained by either method, it shuuld be multiplied by the 
mechanical efficiency in order to determine the brake mean 
effective pressure, np, and which, as has been previously stated, may 
be assumed to be from 0°85 to 0°88, depending upon the factors 
discussed in Art. 59. 

This method can be made to give very accurate results, as 
with careful discrimination in choosing the constants which are 
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employed, the maximum error need never exceed one per cent. 
The author has found this to be so in practice; and it is, there- 
fore, very suitable for application to a design where an entirely 
new construction is adopted. 

69. The only quantities now unknown in the expressions 
given in Art. 63 for the brake horse-power are, either (a) the 
piston area, or (b) the piston area and the stroke, according as (a) 
the piston speed or (b) the engine revolutions, have been 
previously decided upon. 

If the piston speed has been specified on substituting for S or 
M in the equations, the area of the piston and, consequently, 
the cylinder bore may be calculated. The product of the bore 
by the stroke-bore ratio will then give the stroke; and the piston 
speed divided by twice the stroke will give the speed of 
revolution. 

If the engine revolutions at which the engine is to run have 
been fixed, on substituting for 2N or 2M in the expression for 
the brake horse-power, a quantity, which is the numerical value 
of the product of the stroke and the piston area, is obtained; and 
this, if the stroke-bore ratio is represented by x is equal to 
&D X 0'7854 D? = 0°7854 wD’, from which the cylinder bore and 
the stroke may be determined. The piston speed may then be 
found by multiplying the stroke by twice the speed of revolution 
or four times the value of N or M. 

Some adjustment of the calculated dimensions will probably 
be found to be necessary in order to give even figures, after which 
the brake horse-power which the engine will develop should be 
determined. ‘his should always be slightly in excess of the 
actual power requirements. The speed of revolution or the 
piston speed—whichever has been calculated from the design 
data—should always be checked, in order to verify its suitability, 
or otherwise, for the work upon which the engine will be engaged, 
and if not, such adjustments should be made in the stroke-bore 
ratio, revolutions or piston speed as the circumstances demand. 

The mode of procedure to be followed when the horse-power 
that an engine of definite cylinder dimensions or other specified 
data are given will be readily obvious, as it ig the converse of 
that already outlined, and will therefore require no further . 
explanation, 


CHAPTER VI 
CYLINDERS AND VALVES 


70. Material.—Cylinders should be made of hard, close-grained 
cast-iron, free from blow-holes, spongy spots, scabs, etc., and 
the casting should be clean and without warp. It is important 
also that the material should be of a homogeneous nature, as the 
presence of hard or soft spots causes uneven wear with its harm- 
ful effects, and the webbing or finning at one time employed had 
a tendency in this direction because of the rapid local cooling 
during the solidification of the metal in the mould. Cast-iron is 
an excellent material fox this purpose, because not only does it 
flow freely in the mould, but it soon takes a hard skin surface 
that has great wear-resisting capabilities. Where lightness is a 
great consideration, cast steel and forged steel have been substi- 
tuted, but these metals are inferior to cast-iron for this purpose, 
as the former does not admit of the production of such sound 
castings and the latter is only suitable for extremely simple 
constructions. | 

Cast or forged steel should never be used where steel pistons 
are employed, excepting where the design of piston causes the 
rings to take the side thrust, as these materials do not work well 
together under the extremely difficult conditions obtaining in the 
cylinder. The welding or rusting up of blow-holes or porous 
places should not be permitted in any part of the cylinder 
subjected to pressure and should preferably be avoided altogether. 
In designing the cylinder it is important to avoid all sharp 
corners; and therefore all flanges, bosses, ete., should be well 
filleted and join up to the main casting in well-rounded curves, 
especially where great variations in thickness occur, as at the 
junction of the jacket with the barrel and in the vicinity of the 
valve caps, pads and holding-down flanges. 

71. Construction.—The construction of the cylinders is deter- 
mined by (a) the arrangement of the valves and (b) the number 
of cylinders cast together. The valves may be arranged in the 

M.C.E. I 
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cylinder head, all on one side of the engine, or the exhaust on the 
one side and the inlet on the opposite side. In the first arrange- 
ment, the valves may be arranged vertically, horizontally or vee 
fashion. In the second arrangement the valves may be fitted 
side by side along the engine, as is now customary, or the inlet 
may be placed over the exhaust, the former being either operated 
by rocking levers and push rods or of the automatic type. The 
cylinders may be cast separately, in pairs, in groups of three, 
en bloc or in one with the top half of the crankcase. 

The pros and cons of valve arrangement were discussed in 
Vol. I. and may be summarised as follows :— 


Valves in the Head.—(a) Give a good shape to combustion chambers 
from the points of view of efficiency and power. 

(6) Minimum cooling surface for maximum of capacity. 

(c) With good valve gear arrangement, as in the Maudslay, give 
maximum accessibility. 

(d) Valve gear arrangement often defective on account of the use of 
rocking levers and long actuating rods, which militate against high 
speed. 

(ec) When inclined at an angle with the axis of the cylinder they are 
more expensive to machine. 

(f) Completely machined interior when valves are vertical, and 
therefore uniform compression, while the polished surface contributes to 
a reduction of the heat loss. 

(yg) Use of valve cages becomes necessary unless the removal of the 
valves is to entail dismounting of the cylinder ; and that is generally 
some restriction in the valve diameter. 

Valves all on one Stde—(a) Cooling surface increased, therefore 
greater heat-loss and reduced efficiency. 

(>) Pockets contribute to silence by acting as cushions. 

(c) Incoming gases tend to cool exhaust valve. 

(7) Tends to limit diameter of valves unless the cylinders are spaced 
rather widely. 

(¢) Valve operating gear all on one side makes for facility of 
adjustment. 


(f) Low cost, compactness and simplicity because of use of one set 
of gears and one camshaft. 

Valves on Opposite Sides.—(a) Greatest cooling surface per unit of 
cylinder capacity. 


(2) Pockets contribute to silence by reducing the explosive effect on 
ignition. 
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(c) Fresh gas does not mix go intimately with residual gases over 
exhaust valve, and therefore better combustion can be obtained, or the 
engine can be run on weaker mixtures. 

(d) Greater control ability. 

(e) Permits of valves of the largest dimensions being used. 


(f) Two camshafts are necessary, and therefore an increase in 
the cost. 


With the two last-mentioned arrangements there is often some 
difficulty experienced in obtaining a sufficiently small com- 
pression volume, especially with high compressions, and ample 
cooling spaces round valve chambers underneath the valve, 
without undue restriction of passage into cylinder and excessive 
cooling surface, when valve openings of large area are employed. 
It may be overcome by inclining the valve gear towards the 
centre of the cylinder ; but by so doing the cost of machining 
the castings is increased, because of the two settings required, 
and there is also a tendency to limit the water cooling spaces 
near the valve seats. This should be specially guarded against, 
on account of the possibility of valves and valve seats becoming 
overheated and distorted, thus causing a loss of charge. 

When the valves are all on one side, the nuts for securing the 
cylinders in position are, sometimes, so placed as to necessitate 
the removal of the valves before easy access to them can be 
obtained ; and the nuts at the ends of the castings are almost 
inaccessible without the use of special spanners, through being 
crowded too close up to the timing case, the dashboard, or the 
fly-wheel, and kept well over the overhanging water jacket. The 
adjustment of the valve tappets is, also, frequently a matter of 
some difficulty, especially where the end plates for enclosing the 
valves are cast integral with the cylinder or the dogs securing 
the tappet guides are carried very high up. These points are of 
little moment to the manufacturer, but are of vital importance 
to an owner-driver or a repairer, who have not the same 
resources at their command; so that special attention should 
be directed to the necessity for accessibility at these parts when 
working out the design. 

The methods of casting the cylinders have been examined in 
Art. 39, and the reader may refer to this for guidance as to the 
construction to be adopted. It may be added, however, that 

ay 
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whatever method is selected, it should be decided upon in cons 
junction with the type of crankshaft and after the bearing areas 
required have been determined, on account of the shortening of 
the engine produced by the en bloc system: The type of crank- 


x SS} 
NAY) | | 


Fig. 9.—12-16 h.-p. Sunbeam Engine (1911), 


shaft is important in this respect because the narrowing of the 
water space between adjacent cylinders, or its entire absence in 
some engines, has the effect of limiting the number and length 
of the crankshaft bearings it is possible to arrange for, and the 
increase in the shaft diameter necessitated by the reduced length, 
in order to provide the requisite bearing areas, is not altogether 


CYLINDERS AND VALVES 117 


satisfactory, inasmuch as the same degree of rigidity is not 
attained, 

It will be generally found to be advisable to limit the mono- 
block casting for a four-cylinder engine to an 80 mm., say 3} inch, 
bore, otherwise the weight of the casting and the difficulty in 
handling same will more than counterbalance any advantages it 
may have in other respects. In some of the larger sizes of 
engines, the cylinders are cast in pairs (or separately) and then 
bolted together so as to form, in effect, a single casting. The 


Tic. 10.—12-16 h.-p. Sunbeam Engine (1911). 


system is good because it combines the clean compact appear- 
ance and rigidity of the en bloc construction with the advantages 
of the separate cylinders. The practice, occasionally followed, 
of setting two cylinders so close together that the centre line of 
the connecting rod does not coincide with the centre line of the 
cylinder, should be avoided, as it either means that the rod must 
be heavier, thus increasing the weight of the reciprocating parts, 
or a higher stress must be employed in the design, since the 
connecting rod is loaded eccentrically and consequently the 
crippling load is smaller. When two or more cylinders with 
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valves on the one side are cast together, it is usual to arrange the 
two inlet valves for adjacent cylinders to open into one passage, 
which is led to the opposite side of the engine, while in some 
designs all four inlet valves open into a common passage. While 
this has the effect of causing the casting to be more intricate, it 
has the great advantage of allowing complete access to the valves 
for examination, assists in producing more effective carburation 
and cools the engine, and gives a cleaner appearance to the 
engine by reason of the elimination of piping, etc. - 

If the thermosyphon system of cooling be adopted, the pro- 
vision of large water spaces and a good head of water is impera- 
tive for its successful operation, and in all cases the water-passages 
around the exhaust valve should be ample, so as to prevent local 
distortion. \This former is of importance where the induction 
pipes pass through the cylinder casting to the opposite side, as 
the use of narrow intricate waterways not only restricts the flow 
of water, but renders the core liable to damage in casting, and 
may result in a large percentage of wasters. Baffles, to direct 
the flow of water, because it naturally takes the easiest path, 
may with advantage be fitted when both thermosyphon and 
pump circulation are used in order to ensure an absence of local 
heating, and are especially desirable in mono-block castings where 
the water may not flow over all cylinders. The practice some- 
times followed of casting the exhaust manifold integral with the 
cylinder block is not to be recommended, since overheating will 
probably ensue if the engine is run at high loads for any length 
of time, although it may be observed that some of the smaller 
engines have employed this construction apparently without any 
harmful effects asserting themselves ; but apart from this, there 
is also the question of the distortion of the cylinder casting 
itself and the unknown stress induced thereby to consider. Care 
should be taken to see that the shape of the interior of the water 
passages is such as will not permit air to be entrapped in any 
part, as this would prevent the effective cooling of the cylinder 
and cause local overheating. 

72. It will be necessary to make provision for sparking plugs, 
compression taps, circulating water inlets and outlets, cleaning 
holes or doors, bosses, fillets, lugs for holding and bedding down 
the covers used for enclosing the valve tappets or perhaps for 
varrying the fan bracket, and core-holes, Generally the plugs 
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and compression cocks are fitted in the centre of the valve caps, 
but occasionally they may be placed either in the centre of the 
cylinder head or in the side, the former being preferred, as then 
any paraffin or petrol is injected through the cock into the 
cylinder itself. In all cases one plug should be placed in each 
cylinder as near the inlet valve as practicable, in order that the 
spark may take place in a mixture containing but little exhaust 
gas. The valve caps should be made of gunmetal so as to 
prevent any possibility of rusting up taking place. 

The water inlet connection should be placed as low as possible 
and so arranged that there is a free flow of water around the 
cylinder barrel, while the outlet should be in the vicinity of 
the exhaust valve and cause the water to have such a direction of 
motion as will bring it over the exhaust valve. Often the con- 
sideration of other matters renders it impossible to obtain this 
desirable arrangement, but it should be aimed at in getting out 
the design. The water pipes at top of the cylinder are often 
attached to a cast piece which fits over the head of a pair or 
block casting, and frequently, in the latter case, the piping is 
dispensed with, the cast portion being carried up to the radiator 
inlet, where it is reduced to the same size as the radiator connec- 
tion. This is a desirable arrangement, since it facilitates 
moulding, but every effort should be made to reduce the number 
of nuts, etc., required to attach the outlet connection in order to 
assist in the easy dismantlement of the engine, such as by 
employing studs screwed into the heads or plugs in the heads of 
the cylinders, and fitted with blank nuts to prevent leakage past 
the thread. If such a construction is employed the cast piece 
must be made very substantial, as otherwise there is a difficulty 
in preventing leakage at the joint, due to the springing of the 
casting. 

To render the entrance of the piston as easy as possible, the 
bottom edge of the bore should have a slight taper so as to bell- 
mouth the part, while to prevent the formation of a ridge at the 
upper portion of the cylinder near the end of the piston travel a 
slight recess should be formed, so that the piston will shoot just 
beyond the edge. The cylinders should preferably be provided 
with some means of keeping them central. This may be arranged 
for with separate cylinders, by turning a ring upon the flange 
which will fit into a recessed portion of the crankcase, and if 
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cast in any other manner, by fitting a ring which recesses partly 
into the cylinder and partly into the crank-chamber, or by using 
two end studs of a larger diameter in ihe plain part and which is 
a good fit into the flange of the cylinders. 

73. Thicknesses of Cylinder Walls, ete.—Much of the design of 
cylinder thicknesses and proportions is based on experience, but 
can be approached in a rational manner. The combustion 
chamber is subject to a bursting stress due to the pressure of 
explosion, and as the piston proceeds upon its stroke it exposes 


Fic. 11.—Sectional Elevation of the 25-30 h.-p. Argyle Sleeve-valve 
Engine. 


an increasing portion of the barrel, but to a reduced pressure. 
In most engines as now constructed, the parallel portion of the 
cylinder is not subjected to the maximum explosion pressure, as 
the piston head reaches to the level of valve seatings on the 
in-centre, and therefore it need not be of sufficient thickness 
to withstand so high a working pressure, but it is safer and 
cheaper to make it so in the design. 

The maximum explosion pressure to which the cylinder is 
subjected may be taken as three-and-a-half times the absolute com- 
pression pressure. This pressure is purely nominal on account of 
the many factors that influence the pressure reached at ignition, 
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but it approximates sufficiently closely to, although slightly higher 
than, the actual pressures recorded, that for design purposes it 
may be assumed to be correct. It should be observed that after 
a miss-fire the pressure may rise above the normal value repre- 
sented by this ratio but by a very small amount. 

Now the size of a casting for a cylinder is such that there 
should be no liability to defect from internal stress, if annealing 
and resting has been effectively done, neither should there be 
any unknown or indeterminate straining actions except those 
caused by local distortion from overheating in working, but 
which should not be present to any appreciable extent in a 
good design. The allowance to be made for wear need only be 
small and will probably be covered in the adjustment of the 
thickness to even dimensions, while defects in the material itself 
are not to be expected in selected castings of good grades of cast- 
iron, although cast steel suffers greatly in this respect. The 
pressure fluctuates from a maximum to zero and is suddenly 
applied, therefore it will be necessary to use a factor of safety of 
from 8 to 10 for cast-iron, and about 15 for cast steel, giving 
stresses of from 2,500 to 3,000 per square inch (1°75 to 2°1 kilos 
per mm.’) for the former, depending on the grade of material, 
and from about 4,000 to 4,500 lbs. per square inch (2'8 to 3:1 
kilos per mm.?) for the latter. It will be found that for smaller 
bore cylinders the limiting stress should be somewhat lower values 
than these for many parts because of the distortion and some 
difficulty in casting that would accompany the use of the thin 
shells resulting therefrom. 

74. (a) For cylindrical surfaces subjected to pressure the thick- 
ness may be obtained from the expression : 
eee Dd 

2/ 
where ¢ is the thickness in inches or millimetres, p the maximum 
explosive pressure in lbs. per square inch or kilos per mm.?, 
D is the diameter in inches or millimetres, and f the permissible 
stress at that pressure in lbs. per sq. in. or kilos per mm.?. 

Another very good rule, but which can only be applied where 
the compression pressure does not exceed 80 lbs. per square inch, 


or kilos per mm.? 
3 = 0:0625 D, 
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75. (b) The thickness of the cylinder head cannot be calculated 
from any formula for flat or curved plates, since, apart from its 
peculiar shape and the uncertainty as to whether the head is 
fixed or free at the edges, there is usually a core hole through 
the centre (the point of maximum stress if free at the edges), 
and it is supported against bursting by the contour of the 
surface in the vicinity of the valves, the attachment of the jacket, 
etc. In current practice it varies from 0°25” up to 0°35” (6 to 
9 mm.), depending almost entirely upon the size of the cylinder. 


“aN 


e 


Sectional Elevation 
Tic, 12.-—12-16 h.-p. Sunbeam Engine (1913). 


If the shape of the cylinder head is truly hemispherical its thick- 
ness may be determined from the equation 
ape 
t= af" 

76. (c) The lower part of the cylinder is subjected to a pure 
tensile stress due to the vertically upward force at ignition, and 
tu a tensile stress due to the load upon the piston and its reaction 
on the frame and a bending stress due to the side thrust from 
the piston and the obliquity of the connecting rod as the piston 
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moves downwards on its stroke. As regards the latter, the 
resultant stress, which is generally less than that from the 
former, has a maximum value near the flange by which it is 
attached to the crankcase, and may be considered for the position 
of the piston when the crank and the connecting rod are at right 
angles on the working stroke. If n is the ratio of connecting 
rod to crank, and r the crank radius at this point in the stroke, 


the piston will have moved a distance r {c +1) — /72 Le i} 


which nearly equals 0°88 # for all ratios used in ordinary work 


Sectional End Elevation 
Fre. 13.—12-16 Sunbeam Engme (1913). Cross Section. 


The volume V of the cylinder for this position may therefore 
be calculated, and the pressure will be found from 


Be Vie = P,V;* 
1'3 
2 p =r (v) 


where P' and V are respectively the absolute explosion pressure 
and the volume of the combustion chamber. 
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The tensile stress f, induced (where D and D; are respectively 
the internal and external diameters of the cylinder) is found 
from 


m1)? ; 
j mip wines 1 ape 4) 
a 5.) el eon 
oO Do D? — D? 
and . D, = / DUP, = 147) + D? 


ht 


where D and D, are in inches, P is in lbs. per sq. in. absolute 
and f, is in lbs. per sq. in. 


and = pa/ Pea Ooh + 1 
t 


where D and D, are in millimetres, P in kilos per mm.” absolute 
and f, is in kilos per mm.?. 

For the tensile stress due to bending, the distance between the 
centre of the gudgeon pin and the root of the flange must be 
known. Let this bex. This dimension may be readily approxi- 
mated to, since the distance between the centre lines of the 
gudgeon pin and main bearings is Wn? + 1, and the distance 
between the top of the crankcase and the centre of the main 
bearings is largely determined by the clearance necessary for the 
connecting rod and the crank, also the cylinder barrel must be 
sufficiently long to eliminate any possibility of the piston 
becoming jambed through tilting, or if a scraper ring is fitted to 
the skirt of the piston, to keep such a ring within the working 
length of the cylinder, when the crank is on the out-centre; and 
the flange thickness generally varies between 0°4. and 0°625 of an 


inch (10 and 16 mm.). The side thrust on the cylinder is ws 


(P —14°7) tan @, where @ is the angle between the connecting 
rod and line of stroke, so that 


1 
ta 0 — aS a eee 
ee ME 
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a 


z : ui : 
Then from the expression fat the tensile stress produced 


TD? /p ig 
ri (P 14-7 


may he calculated; since M = Vai 

It will be found to be simpler to assume an external diameter 
for the cylinder, find the stresses due to the load on the piston 
and the side thrust due to the obliquity of the connecting rod, 
and see that their total is not greater than that permissible for 
the material used. 

77. The conditions existing at the moment of explosion will, 
however (excepting only engines having abnormally long 
cylinders), determine the thickness. Here the upward thrust 


. =T)2 
on the cylinder head is _ (P; —14°7), and this is resisted 


by the metal round the cylinder = : (D? — D?). 


Henee, 72 (P,— 147) =" Di—D9/, 


re — 14:7) = (Di — D’)f, 


and p= DWE HT 4 
t 


Norz.—In the preceding work English units have been employed, 
but by substituting 0°1 for 14°7, where the latter appears in the text, 
the units are converted from the English to the metric system of 
measurement as seen above. 


78. (d) The width of water spaces and the thickness of the jacket 
are largely dependent upon practical considerations, as although 
the water pressure to which the jacket is tested is from 30 to 
40 Ibs. per square inch (‘021 to 028 kilos per mm.*), it is rather 
for the purpose of ascertaining if there are any porous places, 
than for ensuring strength. The thickness of the jacket varies 
from 0°15 to 0°2 of an inch (8°5 to 5 mm.), about one-twentieth 
of the cylinder bore, and the width of water space from 0°5 to 
0°75 of an inch (12°5 to 19°5 mm.), about one-sixth of the 
cylinder bore. In a few instances, greater water spaces than 
the above indicate are employed, but this is sometimes due to 
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the fact that the manufacturer concerned has two engines fitted 
with cylinders which differ, practically, only in the bore, thereby 
increasing the width of the water space. The object of this 
construction is the reduction of the cost of production by 
increasing the number of similar parts manufactured. 

Where facings are provided for the attachment of piping or 
the fan bracket, the jacket should be thickened up for the 
purpose of providing sufficient metal into which the studs may 
be screwed, as’ well as to afford ample strength to resist the 
additional load it is called upon to carry. Studs should not 
penetrate the water spaces, otherwise it will be impossible to 
prevent leakage and ultimately a dirty engine. The water jacket 
should preferably be carried down to the level of the top of the 
piston when the crank is on the bottom centre. 

79. Separate Jackets.—In the foregoing it has been assumed 
that the jackets are cast with the cylinders, asis the usual prac- 
tice except where lightness assumes special importance. As a 
rule they are fitted to cylinders that are of simple construction 
and have a long cylindrical portion, although this is not 
universally so, as occasionally detachable heads are employed 
which carry the valve seats. The jackets may be of, practically, 
any sheet metal, but are usually of copper, aluminium or brass ; 
and are secured to the main casting by a steel ring shrunk over 
the ends, by spinning and caulking, by riveting, screwing or by 
clamping, or the joint may be made by means of a rubber ring 
which presses inside the cylindrical jacket. Allthese methods are 
rather more expensive than the more conventional construction, 
and many of them give rise to trouble through leakage at the joints, 
caused by the variation in the expansion of the materials employed 
for the cylinder casting and the jacket. It is of the utmost import- 
ance, where separate jackets are used, that means should be pro- 
vided to take up this difference in the expansion of the two metals, 
either by fitting bellows in the wall of the jacket or by the adop- 
tion of a construction that will allow of relative movement 
between the two parts such as is afforded by the rubber ring 
fitted on the Green engine. 

80. Sizes of Inlet and Exhaust Ports and Valves.—In order that 
the charge taken into the cylinder may be as large as possible, it 
is desirable to keep the gas velocities low and the passages as 
direct and as free from irregularity and sudden changes in action 
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as possible. But large valves set up a considerable amount of 


hammering and vibration, 
because of the large mass 
to be actuated, and where 
the valves are fitted on 
one side of the engine, 
they are difficult to arrange 
for, especially if the stroke- 
bore ratio be much more 
than, say, 1°5, and the com- 
pression ratio is at all high, 
while there is a greater 
probability of warping tak- 
ing place. By staggering 
the valve centres, some 
increase in the valve dia- 
meter may be_ effected, 
and a higher compression 
ratio may be employed 
without any augmentation 
of the ratio of the surface to 
the volume of the combus- 
tion chamber, by sloping 
the centre lines of the 
valves towards the centre 
of the engine (see Figs. 14 
and 15), but both of these 
tend to increase the cost 
of manufacture. The diffi- 
culty in regard to the 
compression ratio is mostly 
experienced in engines 
used for special purposes, 
where the maximum power 
is required at high engine 
speed, and this can only 
be attained by the use 
of a high compression on 


account of the too slow F 


1G. 14.—Wolseley Valve and Tappet Gear, 


ignition of the charge under low pressure and it should 


128 MOTOR CAR ENGINEERING 


be noted that the quantity of gas taken in by the engine pef 
stroke diminishes with an increase in speed, although in some 
engines the volumetric efficiency is remarkably well maintained 
over a wide range of speed, due to the ample size of the inlet 
piping employed. 

Small valves, on the other hand, necessitating big lifts, intro- 
duce undesirable effects from the high velocities and rapid accelera- 
tions of the moving parts which thereby become necessary ; 
high lifts are also limited, because of the practical limit to the 
height of the combustion chamber in which they are placed, and 
further, the maximum effective lift that can be given to any valve 
is less than one fourth of its diameter. It has, therefore, been 
deemed necessary on some racing cars, where comparatively high 
speeds of revolution and mean effective pressures are essential for 
success, to employ two valves for the inlet and for the exhaust 
in order to provide sufficient valve area, but the valve friction 
may then be increased by from 380 to 40 per cent. 

Considerable variations in the gas velocities at normal engine 
speed are, however, to be found in ordinary practice on engines of 
the highest class, which is partly due to the beneficial effect of 
high gas speeds upon the carburation, but it will generally be 
well for the velocity of the gas through the inlet pipe, valves, and 
passages to be not greater than 7,000 feet per minute (35°6 metres 
per second), and for the exhaust not to exceed 6,000 feet per minute 
(80°5 metres per second), at normal engine speed. Mr. Pomeroy, 
referring more particularly to racing engines, has stated ! that “a 
gas velocity of 120 feet per second (86°6 metres per second) is the 
maximum compatible with a mean effective pressure of 100 lbs. 
per square inch (0-07 kilos per mm.?).” Thus, if the normal piston 
speed is 1,200 feet per minute (6°1 metres per second), the area 
of the inlet sxc 6,, will not be less than a/ Li! se =0°414D. 
Similarly, the diameter of the exhaust port, 6; = 0°45 D, and clear 
passages should be provided in order that the gas velocities quoted 
may not be exceeded. A lower velocity is given to the exhaust 
gases in order that the hot products of combustion may be expelled 
as soon as possible. 

The velocities referred to are the mean gas velocities at normal 
engine speed, as at or near the crank position when the piston is 

1 Proc, .A.H., Vol. VI., pp. 81, 82. 
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moving at its highest velocity during the stroke (see Fig. 108, 
Vol. I.), the gas velocities through the valve and the passages may 
be considerably in excess of these, depending largely upon the 
rate of open ng and the timing of the valves and the inertia of 
the gas. 

81. As regards the valve areas, it is usual for the lift of the 
inlet valve to be made between + and 4 of its diameter, and in 
order to provide for the interchangeability of the two valves, 
which are of the same diameter for the inlet and the exhaust, the 
lower velocity through the exhaust valve opening is frequently 
obtained by proportionately increasing the lift of the exhaust 
valve, although in many cases the same gas velocity is permitted 
through both the inlet and exhaust. Fora flat valve seat, the 
effective area through the valve is wé3h, where 63 is the inner 
diameter of the valve seating and h is the lift; but with conical 
seated valves, having seats at greater angles than 35 degrees, this 
is not so owing to the reduction in the width of the opening by 
the interference of the seat in the cylinder. With the usual pro- 
portions of valves having seats at an angle of 45 degrees, the nett 
area for the flow of the gases is about 12 per cent. less than that 
given above for a flat seated valve, and for a 40 degrees valve 
seat the area is about 5 per cent. less. 

But the reduction of area is dependent upon the relation between 
the lift and the width of the valve seat, as well as upon the valve 
diameter at the inner edge of the seating, since the effective area 
is equal to the curved surface of the frustrum of a cone which has 
a base diameter equal to that of the upper edges of the seating 
in the cylinder and a top diameter equal to that of the inner 
edge of the seating on the valve. For abnormally small lifts 
small valve angles and wide seats, the diameter of the base of the 
frustrum is, however, reduced to that of the circle drawn through 
the point of intersection of a perpendicular drawn from the inner 
edge of the valve seating, with the seating in the cylinder. The 
effective area past the valve is then the product of the mean of 
the circumferences of the two ends of the frustrum and the width 
of the opening—the latter being the distance from a point on the 
inner edge of the valve seating on the valve to a point on the outer 
circumference of the valve seat in the cylinder for the usual 
relations of lift and width of seating, that is, the slant height of 
the frustrum ; and generally, is the shortest distance between the 

M.C.E, K 
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valve and the seat. It is advisable to'set out the valve and the seat 
in their correct positions where the exact velocities are required, 
but for all ordinary purposes with valves having seats at an angle 
of 45 degrees, the effective area may be assumed to be 12 per 
cent. less than that calculated from the product of the circumfer- 
ence of the inner edge of the valve seat, in the cylinder and the 
lift. 

Thus, if the lift of the inlet valve is 0°2 of the diameter, the 
nominal area will be 783 X 0°2 63 = 0°2 763 and the actual area 
will approximate to 0°88 x 0:2 76; = 0176 76;. Then if the 
diameter of the cylinder is D, the normal piston speed is 1,200 feet 
per minute and the permissible velocity is 7,000 feet per minute. 

m1)? 


gus 1,200 = 0°176 782 xX 7,000, 


and 63 = 0°495 D, say, 0°5 D, 
and the lift will be 0°099 D, say, 0-1 D. 
Where the inlet and exhaust valves are made of the same 
diameter and the lift of the latter is increased, so as to reduce the 
gas velocity, the lift of the exhaust valve will be— 


7,000 
0099 x 6000 

. 82. Valves are frequently made of steel containing not less 
than 25 per cent. of nickel, but often only a 3 or 5 per cent. 
nickel steel is used. The valve should have a flat but slightly 
rounded head which should join up with the stem in a well- 
rounded curve of radius equal to about one-third of the valve 
diameter so as to facilitate the flow of gases into and out of the 
cylinder by giving a more or less stream-line formation to the 
passage; while such a construction tends to strengthen the valve 
at a part where it is subjected to great heat. For very fast- 
running engines, it is desirable to reduce the weight of metal in 
the heads by recessing them slightly on their upper surface. 

The valve stems may be made about one-fifth of the valve head 
diameter. Valve guides are now made very long, in order to reduce 
«ur leakage when the engine is running throttle down, and are 
often made separate from the cylinder casting of malleable iron 
and screwed into the cylinder, or of pressed steel forced into 
position, either from the outside or inside. It is for some reasons 
preferable, however, for them to bein one with the cylinder, as 


CYLINDERS AND VALVES 131 


then the possibility of the valves being slightly eccentric with 
the valve seats is eliminated; but as with modern methods of 
manufacture the liability to this defect is extremely small, and 
the renewal of the guides when wear takes place is greatly 
facilitated where separate guides are employed, this construction 
is generally adopted in current practice. ‘lhe defect may also 
be obviated by fitting the guides into coned recesses, which are 
machined at the same time as the valve seats. Occasionally the 
lower portion only of the guide is separate from the cylinder, 
and is forced into the cylinder. The exhaust valve guide should 
come well up the stem of the va:ve so as to protect it from the 
hot gases during exhaust. 

It is important that ample cooling spaces should be afforded in 
the vicinity of the valve guides and seats, in order to preserve, 
as far as possible, a uniform temperature throughout the metal, 
and thus minimise the risk of warping, which might result in the 
leakage past the valve and jambing in the guides, One of the 
possible drawbacks to the overhead type of valve is the difficulty 
of effectively cooling these parts,on account of the fact that the 
valves are usually supported in cages; but the latter must not 
be dispensed with, since it would then be necessary to remove the 
cylinders or at least the heads in order to examine the valves. 
See Figs. 4, 7, 8, 10O—14 and 15. 

Valve seatings need not be abnormally wide, say 3 in. 
(2°5 mm.) at the most, for tightness depends upon intensity of 
pressure and not on the width of seating ; but, at the same time 
unduly narrow seatings must not be employed on account of the 
facility with which shoulders are then formed upon the valve. 
It is common, also, to find the upper edge of the valve seat flush 
with the inside of the cylinder, with the result that as. wear 
through hammering or grinding in takes place the valve areas 
become restricted. The valve seat should preferably stand 
slightly proud of the surface of the cylinder upon a raised facing 
which may be turned off as becomes necessary in course of time. 

‘he angle of the seat is usually 45 degrees, but flatter seatings 
have been employed because of the greater area provided by them ; 
but the tightness of the valve is assisted by increasing the angle 
there is less probability of foreign substances adhering and the 45 
degrees angle is easily worked to. Conical seatings are always to 
be. preferred on account of their self-centering tendency. In 
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special designs, instead of the seatings being coned, they are curved, 
—that in the cylinder being convex and of smaller radius of 
curvature than that on the valve which is concave. This con- 
struction affords a slightly larger area for any given lift and is 
probably tighter than the usual form; but it would appear to 
introduce difficulties as wear takes place, although this is of 
no importance in the particular circumstances under which it is 
employed, namely, in racing engines. 

83. Cylinder Studs or Bolts.—In some engines bolts are 
employed to secure the cylinder to the crankcase, whilst in others 
studs are used, Where the latter are employed, it is undesirable 
to screw them into aluminium, as this metal and its alloys do not 
afford a satisfactory fitting, because sooner or later they are apt 
to strip the thread or become loose. When it is imperative to 
employ studs, it is preferable to screw a threaded bush of brass 
or gunmetal into the aluminium, rivet over the ends and 
screw the studs into the bush. Bolts are sometimes taken 
through to the main bearings, when the design permits of so 
doing, and in such cases in order that the taking down of the 
main bearings may not loosen the ¢\linders, a collar should be 
formed upon the bolt and recessed into the top of the crankcase. 

The number of bolts employed varies with the method of 
casting the cylinders. If separately cast, four bolts or studs 
will be fitted ; if cast in pairs, there will be six bolts for each pair ; 
if cast in threes, eight bolts, and for an en bloc four-cylinder cast- 
ing, either eight or ten bolts. The maximum load upon the 
bolts is at the time of ignition, although under some circum- 
stances, as, for example, when very long cylinders are employed 
and if the bolts or studs are placed abnormally close to the 
longitudinal centre line of the engine, the combined effects of the 
reaction from the pressure upon the piston and the tilting action 
due to the side thrust in the cylinder walls when the crank is 
nearly at right angles to the connecting rod, may induce a 
stress in the two bolts on the near side of the engine, of greater 
magnitude than that from the pressure at ignition. But these 
conditions are exceptional and may generally be entirely 
neglected. 

In a separate cylinder casting, the load is distributed over the 
four bolts. With the other methods of casting, when ignition 
takes place in one cylinder, the adjacent cylinder may be just 
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starting compressing, but the pressure due to the latter can be 
disregarded, being of small magnitude at the commencement of 
the stroke, so that the load may be taken as attributable to one 
cylinder only. Thus, in general, there are four bolts or studs 
carrying the load upon the piston at ignition in any one cylinder, 
but there may be only three, as, for example, in a four-cylinder 
monobloc casting when there are two bolts or studs between each 
two cylinders and one bolt or stud at each end of the casting. 

The distribution of the load between the bolts or studs will 
depend upon their disposition, the proportion of the total load 
carried by each being inversely proportional to their distances 
from the centre of the cylinder. But within the usual limits of 
these dimensions it may be generally assumed that each bolt 
or stud carries an equal load at ignition. Thus if n is the 
number of studs subject to stress, P is the pressure per unit 
area at ignition and D is the diameter of the cylinder— 


The maximum load = a DP; 


and the load on each bolt = He D?P, 


The stress in each bolt or stud should not exceed 7,000 lbs. per 
square inch for steels usually employed in these parts, and 
therefore the area of each bolt or stud of diameter d at the bottom 
of the thread = 


mil? = a1)?P 
“4 ~ 4n x 7,000 
D VP 
and J 686 


A reference to Tables XXXI. and XXXIII. will give the dia- 
meter of the stud or bolt required, according to the standard 
thread employed. 


CHAPTER VII 
VALVE GEARS 


84. Importance of a good Valve Gear.—The attention that 18 
now being directed by manufacturers and others to the design and 
improvement of various forms of sleeve, piston, rotary and disc 
valves affords ample evidence that the short-comings of the 
poppet valve, notably in regard to noise, wear and vibration, and 
especially in the modern high speed, small box engine, are clearly 
realised. But it must not be imagined that this type of valve 
_ will be quickly superseded, for, at the present time it gives a 
marked degree of satisfaction by reason of its simplicity in 
operation and comparative freedom from serious trouble (which 
is, largely, the result of the ingenuity and skill that has been 
concentrated upon its design and construction for many years); 
and manufacturers are loath to depart from a method that has 
proved so successful under the most severe conditions of working, 
unless it can be shown that the new construction is in possession 
of these essential qualities, and, in addition, has other advantages 
to commend it to them, such as, for example, higher efficiency or 
power, greater silence, improved working durability, lower cost of 
manufacture, less vibration, better appearance, etc. Some or all 
of these qualities, ina greater or lesser degree, are claimed for 
the kinds of valves mentioned above; but it is probable, and 
reasonable to suppose, that all designs will have to pass through 
a stage of development similar to that which the poppet valve 
has undergone (though at a more rapid rate on account of the 
improved materials which are at hand and the greater experience of 
those associated with their design and manufacture), before they 
will show their superiority. (See also Vol. I., Arts. 26, 27 and 81.) 

On account of the fact that the poppet valve predominates as 
largely seen in modern engines and that individual types of valves 
require special treatment, the poppet valve design will be more 
fully examined. 


85. In the production of a good valve mechanism, it is 
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necessary that ample areas for the passage of the gases should be 
provided as quickly and as silently as possible, with the minimum 
amount of wear and vibration. The fulfilment of these conditions 
in their entirety is, however, a matter of great difficulty, as 
indeed it must be in any mechanism if the opening of the valve 
is effected by a cam and the closing by a spring; but by careful 
attention to the design of the cam contours, as well as to other 
details, much can be done to eliminate the detrimental effects that 
would otherwise assert themselves. 

In the first place, the importance of lightness in every part of 
the spring-actuated portion of the gear must not be overlooked, 
if the engine is to be capable of attaining high speed. Heavy 
parts cause the whole of the mechanism to be subjected to high 
inertia forces during the opening period, and require that 
excessively strong springs should be used for their replacement 
when closing the valves. For these reasons, the use of long or 
heavy tappet rods, rocking levers, etc., should be avoided, as 
they are not only harmful in the directions indicated, but also 
absorb a large amount of power in operation, and introduce a 
number of joints at which wear may take place. When long 
rods for the actuating gear are essential they should preferably 
be arranged in tension, since this enables a reduction in the mass 
to be actuated without impairing the stability of the gear. 

Secondly, fewness of parts is desirable, not only because of its 
effect in reducing the cost of production and repair, but because 
the appearance of the gear is enhanced by the elimination of 
superfluous fittings. Thirdly, all parts should, if possible, be 
enclosed and self-lubricating, as by so doing trouble from the 
accumulation of dirt or absence of oil is obviated; but care must 
be taken to ensure that any part which it may be necessary to 
examine in ordinary work is readily accessible, and does not 
entail any great amount of dismantlement. The latter point 
requires special attention when overhead valves are employed. 

86. Valve Timing.—The timing employed in different engines 
varies greatly in practice since there are so many influences that 
affect the suitability or otherwise of a valve setting for a particular 
engine, the principle being the speed of the engine, the area of 
the ports, the compression used, and the shape and configuration 
of the piping. The last-mentioned factor may cause a slight 
adjustment in the setting for each valve to be necessary. ‘The 
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most expeditious and sure method by means of which the best 
setting can be ascertained is by running the engine on the test 
bench at the desired speed and taking indicator diagrams from 
the cylinders. 4An examination of the dagrams will reveal 
whether the setting of the valves is correct or not, and, incidentally 
the correct } osition at which the ignition may be fixed or the 
range of ignition disposed will also be obtained. 

An average setting, suitable for an engine fitted on a tourmg 
car and running at about 1,200 revolutions per minute at normal 
speed, is as follows : 

Inlet opens 10 degrees late and closes 20 degrees late. 
Exhaust opens 40 degrees early and closes 7 degrees late. 

These give periods of 190 degrees and 227 degrees respectively 
for the inlet and exhaust valves, which may be taken as repre- 
sentative of the majority of settings; and since the camshaft 
rotates at one half of the crankshaft speed, the angular displacement 
of the camshaft will be 95 degrees and 1134 degrees. -On-some 
fast-running engines, the times of opening and closing the inlet 
valve are delayed by some 5 or 10 degrees, and the exhaust valve 
is made to open at about 5 or 10 degrees earlier, primarily in 
order to gain a longer time for the expulsion of the exhaust and 
the induction of fresh gas, since at high speeds the volumetric 
efficiency is probably seldom more than 68 or 70 per cent. 
Occasionally an overlapping setting of the inlet and the exhaust 
is permitted with the idea that the charge of gas taken by the 
engine will be inereased, on account of the scavenging effect of 
the residual gases passing away to the exhaust. 

In such cases very little alteration is made in the time quoted 
for closing the exhaust, but the inlet valve is caused to open at, 
or shortly after, the in-centre. It should be observed, however, 
that the same setting will not be equally suitable for touring as 
for racing purposes, as if the maximum power is desired, some 
sacrifice must be made in the slow-running qualities and in the 
flexibility of the engine. 

In sleeve valves and other forms of valves which move at the 
same angular speed, it should be noted that the width of the port 
is only one-half of that due to the travel of the valve, or one 
fourth of the movement transmitted by the crankshaft. 

In order that the velocity of the gases passing through the. 
valve may be as uniform as possible it is desirable to obtain the 
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full opening of the valve as early as practicable, but the maximum 
piston velocity during the stroke is attained when the crank and 
ths conne. ting rod are approximately at right angles, that is, 
about 77 degrees after the dead centre with the usual ratio of 
connecting rod to crank radius, and where the axis of the 
cylincer is directly over the centre of the crankshaft. This gives 
a period of opening of from 66 degrees to 70 degrees which is 
insufficient to perform the operation quietly and smoothly, and 
thus the maximum opening of the inlet valve is often delayed in 
touring car engines until from 85 degrees to 90 degrees after top 


TABLE XII. 


Inlet Valve. Exhaust Valve, 
Operation, ; Crank- Cam- ; Orank: iCani- 
7 Time. shaft shaft Time. . 3 shaft shaft 
Period. | Period. ‘ Period. | Period. 
Commences — to 10° after ~ 40° before 
open : : top centre 4 yo _| bottom centre 200° 5 
Fullopen. .| 90° after | 8@° | 40 B0° after | 120° | 60 
jae ~o°1t Ctop-cenitre 0 é | bottom centre 
4 i OLO 7 rO 710 
Commences to} 115° after 2c 1? 95° after 1, a 
close top centre <6 510 | bottom centre ; 
oe , 91 i go ° 
Closed G25 ¢ 20° after 85 424 7° after 92 - 
a § bottom centre ~ top centre 


centre, and hence the lift is effected during a crankshaft move- 
ment of from 75 to 80 degrees. This causes a resiriction of the 
openings for some portion of the stroke, but is necessary if a 
quiet opening is to be obtained. The character of the operation 
of closing the inlet valves is pave unimportant from the point 
of view of gas velocity, since not only i. the piston speed below 
its maximum value, but it is also diminishing, and the angle 
during which- closing has to be effected may be greater. The 
exhaust closing period is also of lesser importance than the opening 
period as it is essential that the main portion of the spent gases 
are expelled as early as possible, but owing to the time available 
the difficulties are less pronounced. Still, since the lift of the 
exhaust valve is greater than that of the inlet valve, a greater 
time both for opening and closing the valves is desirable, especially 
as manufacturers very frequently use similar springs for inlet 
and exhaust valves. The maximum openings of the inlet and 
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exhaust valves usually take place during the angles of about 25 
degrees and 15 degrees of the camshaft respectively, although in 
a few engines the exhaust angle has a higher value than these, but 
it is seldom possible to make it include the position of maximum 
piston speed. 

The table on p. 187 summarises the operations of the inlet and 
exhaust valves from the foregoing data. 

87. Valve Tappets.—Illustrations showing several examples of 
these are given in Vol. I. and in Figs. 5, 7, 10, and 15 of this 
book. The construction may be divided into three parts—the 
means provided for adjustment, the guide and the cam contact 
piece. The adjustment is usually effected by screwing a set screw 
which should be as large diameter as convenient, and fine thread, 
into the head of the guide, and fixing it in position either by a 
split pin or bya lock-nut. The latter is preferable, since any play 
in the thread is taken up, making an extremely rigid fitting. 
Very frequently a fibre or hard leather washer is recessed into the 
head of the screw, for the purpose of silencing the contact of 
tappet with the valve stem. 

The guide is employed so that the lift of the valve may be direct 
and uninfluenced by the side thrust from thecam. It is desirable 
that the guide should be brought down as close to the cam as 
convenient, having regard to the clearance necessary, and in this , 
respect that shown in Fig. 15 is admirable. The guide should be 
of gunmetal and may be secured by screwing, by bolting, or by 
the use of dogs. In a few designs the foot of the cylinder is 
made so that a bush can be inserted, and thus forms the guide. 
In this case, it is occasionally arranged so that the removal of 
the cylinder removes the tappet gear intact. The length of guide 
will in some measure be dependent upon the relative position of 
camshaft and the top of crankcase, but it should not be too long, 
and it is unwise to make the diameter unduly small in order to 
obtain lightness, since bearing surface to take the side thrust is 
then sacrificed. It will be generally found that where rollers are 
employed, the minimum diameter is determined by the attach- 
ment between roller and tappet. Provision should be made to 
prevent the rotation of the tappet and roller, although in a 
design similar to that shown in Fig. 5, which Sete of a very 
light construction, it is unnecessary. The contact with the cam 
may be made by a roller fitted in the tappet, by the tappet lever, 
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or by forming a collar upon the end of the tappet. Of these, the 
first is preferred, on account of the reduction in the friction and 
wear on the cam flanks, and is extensively adopted in current work. 

The minimum diameter of roller is limited by the diameter of 
the pin upon which the roller is fitted, a matter of some import- 
ance when the noiseless operation of the gear is considered, but 
these must not be made unduly small, as there will otherwise be 
some risk of shearing. The form illustrated in Fig. 15 represents 
a type frequently employed, which, while providing an inexpensive 
construction, has the merit (as has also the design in Fig. 7) 
that it can be made with an extremely small radius to the 
contact surface for use in conjunction with cams machined solid 
with the shaft; on the other hand, the effect of wear is more 
marked. The width of the roller and of the cam varies from 
0°3 in. to 0°5 in. (8 to 12 mm.), and the diameter of roller ranges 
between 2 and 2°5 times the lift of the valve, but it should be 
considered in conjunction with the base diameter of cam and the 
character of the opening or closing which it is desired to impart 
to the valve. (See next article.) In the design of the details of 
the tappet gear, strength and bearing surface are, relatively, of 
little impertance, the dimensions to be employed being largely 
determined by experience. It is, however, of interest to observe 
that in Fig. 15, the pressure between the roller and the cam 
(neglecting friction) acts along the line XN, and NR is the line 
of action of the thrust along the axis of the valve. Hence the 
triangle NRX is a triangle of forces — NR =spring load + force 
required to open the valve, NX = pressure between the roller and 
the cam, and RX represents the tangential force at a radius RO, 
which has to be ove:come in driving the valve gear at this position. 

Supplementary springs of various designs are also frequently 
incorporated in the tappet head, for the purpose of silencing 
the mechanism by maintaining the tappet in contact with the 
valve stem and the roller with the cam, but it is doubtful if 
these are of very great service, except where strong laminated 
springs are employed, since the springs which can be fitted are of 
insufficient strength to effectively perform this duty. 

88. Cams.—Having ascertained the required valve lift as in 
Art. 81, and decided upon the valve setting which is to be 
employed, the design of the cam may be proceeded with. When 
the arrangenfent is as seen in Hig. 11, the lift of the cam and 
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the lift of the valve will be proportional to the respective 
distances between the centre line of cam and the centre line 
of valve and the axis about which the tappet lever turns. This 
tappet lever should be so arranged that the full range of its 
movement is divided equally on the two sides of a line passing 
through the pivot and at right angles to the axis of the tappet. 
The size of a roller or the radius of curvature of tappet to be 
used is a question of the relative diameters of the roller and 
the cam base—the larger the former, the shorter must be the 
period of maximum opening or the longer the period of opening, 
for a smooth, quiet movement; on the other hand, the smaller 
the roller, the more pronounced is the wear. A rapid rate of 
opening for ordinary work is not so essential as an early 
maximum opening, so that it is better for the diameter of 
roller to be less’ than the base of the cam. Where the cams 
are solid with the shalt, the bearings for the camshaft are 
frequently made by enlarging the shaft and fitting them to 
bushed holes in the crankcase, without any means for adjustment. 
Further, it is undesirable to have great variations in the diameter’ 
of the shaft at the different points, otherwise the cost of manufae- 
ture becomes excessive. Consequently, the maximum distance 
between the centre of the shaft and the peak of the cam will fo a’ 
large extent be limited by the ‘diameter of the bearings. When 
the cams aré separate from the shaft, and keyed or pinned thereto, 
there are no definite limits to their dimensions, except those 
imposed by convenience and symmetry ; but it will be found to be 
desirable to be able to fix the-eams permanently on the shaft 
before fitting in place. In some cases, the base of the cam is as 
small as ¢ in. (22 mm.) diameter, and it may be as large as 2 in. 
(50 mm.) diameter, but by far the greater number are between 
1 in. (85 mm.) and 1, in. (45 mm.), that is, about five timés the 
valve lift. The roller or other form of contact is subject to similar 
variations in practice, and it is worthy of note that very frequently 
it is possible, by carefully drawing out one or two cams to obtain 
a shape that not only gives the correct motion but is also easy to 
machine. Undercutting of the cams can nearly always be pre- 
ventedif desired—the exceptional cases being those existing in some 
racing engines, where abnormally rapid lifts are given to the valve. 
Cams may be divided into two classes——internal and external 
+—-according as.the line of contact is on the interior or the exterior 
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of the cam. For motor cycle work, the former is often used, but 
for car purposes the latter is universally adopted. 

89, The Design of Cams.—In designing a cam, it is desired to 
obtain such a shape as will give the desired movement smoothly 
and quietly, yet one that will present no exceptional difficulty in 
manufacture. In some instances, the motion transmitted is of a 
very irregular nature, no pretence being made to produce a good 
design, but the evolution of the most efficient shape can be most 
expeditiously obtained. There are four definite motions that 
may be given to the valve— 

(a) Uniform velocity. 

(b) Uniform acceleration. 

(c) Simple harmonic motion, 

(d) Uniform acceleration and deceleration. 

Of these the last-mentioned is preferred, since the velocity of 
the parts is uniformly accelerated until half the rise is reached, 
and then uniformly decelerated, so that at the point of 
maximum opening the velocity is zero. Simple harmonic 
motion approximates somewhat to this. With uniform accelera- 
tion the velocity increases throughout the rise, and is at 
a@ maximum when the roller reaches the peak of the cam, 
Obviously this is undesirable, as it not only gives a restricted 
opening during the early and final stages of the movement, but 
the parts are travelling at high velocity when the valve reaches 
maximum opening, defects to which the first-mentioned motion (a) 
is also subject. . Thus a cam should be proportioned as indicated 
at either (c) and (d). Noise is, of course, directly traceable to the 
non-rigid connection between the valve stem and the cam, but 
much can be done to eliminate it by good design. 

In drawing the cam, the roller, or its equivalent is assumed for 
convenience to rotate, and the cam itself to remain stationary. 

Taking the data for the exhaust valve given in Table XII., and 
assuming the diameter of base of cam to be 1°5 in,, lift 0-4 in., 
clearance 0°003 in., and a roller of 1 in, diameter. 

In Fig. 15, OD represents 0°75 in. = radius of cam base, 
HE = DM = 0-003 in. = clearance (which may usually be 
neglected), EF = AG = BC = 0-4 in. = lift, GM = BE =0°5 in. 
= radius of roller, the angle DOK = 40 degrees = period of 
opening, and angle KOL = 124 degrees = period of maximum 
opening, and angle LOJ = 423 degrees =: period of closing. 
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With centre O and radii OH, OF, OF, OB, OC draw the ares of 


circles shown. The cam must rise from E to F in turning through 
the angle DOK, and fall from F to Kin turning through the 
angle LOJ. In dealing with cam motions, it is the centre of the 
roller that must be considered, and, therefore, the point G must 
rise to the point As and fall from Qs to P in opening and in 
closing the valve respectively. 


° B ° 
—-. — 40° —. ue ee 


Fic. 15.—Cam Diagram. 


Since the motion given to the reciprocating parts of the valve 
gear should be either simple harmonic or as indicated at (d) above, 
the construction to obtain the displacements will be described. 

90. Uniform. Acceleration and Deceleration.—The acceleration 
takes place during the first half of the rise or fall, and the 
deceleration during the second half of the rise or fall; and ag 
the rate of acceleration or deceleration may be the same during 
the two parts of any moyement in one direction, it is only 
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necessary to consider one half of the lift. It is obviously possible, 
if desired, to give a higher rate of acceleration during the first 
portion of the period of opening in order to obtain a larger 
valve opening at this time; whilst the motion may, also, com- 
mence and finish with uniform acceleration and deceleration and 
have an intermediate period of uniform velocity. he form of 
cam necessary in order to impart the latter motion to the valve 
is, however, of irregular shape and should not be adopted except 
where very quick openings are required. 

Dealing with the period of opening, the parts will start with 
zero Velocity at G (see Fig. 15), reach a maximum velocity at G4 
where GG, is half the lift, and be at zero velocity again at A. 

In uniform acceleration, the space passed over in feet is equal 
to one half of the acceleration in feet per second, multiplied by 
the time in seconds taken to execute the movement, that is, 
S = 4ai*. Now in ascertaining the vertical displacements of the 
roller centre, one of the properties of the parabola is made use 
of, namely, that the distance between the foot of the perpendicular 
from any point on a parabolic curve to its axis and the apex 
of the curve is proportional to the square of the length of that 
perpendicular. That is, in Fig. 16n, ab is proportional to pa?, 
and therefore ab represents the space passed over, and pa repre- 
sents the time taken. Make ab equal to half the lift of the valve, 
construct any parabola, and draw a perpendicular to ab from a, 
intersecting the curve in p. Divide pa into the same number of 
equal parts as the angle turned through by the camshaft during 
one half of the lift is divided into. (Usually it will be sufficient 
to divide this angle into four parts.) Draw parallels to the axis 
ab through 1, ps, ps3, and from the points of intersection with the 
curve, drop perpendiculars or ab, cutting it in a, d2,a3. Then, as 
the camshaft is assumed to rotate at uniform angular speed, each 
of the divisions of pa represent equal periods of time, and the dis- 
tances bas, bag, bai, ba will represent the vertical displacements at 
the end of four equal and successive movements of the camshaft, 

Set off along the radial line GA from G (Fig. 15) distances 
GG1, GGo, GG3, GGy, . .. equal to bas, baz, ba; . . . and from 
A mark AGy, AGs, AGs equal to bas, baz, ba;. With O as centre, 
describe arcs through Gy, Go, Gs, .. . cutting Ai, As, As, as 
shown. Then the points of intersection of the ares with the 
radial lines will represent the relative positions of the centre of 
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the roller to the cam during the rise. With these points as 
centre, and with radius equal to the radius of the roller, describe 
the circular ares shown. The envelope of the curve will be the 
shape of the cam for the period of opening. Since EF is the 
lift of the valve, an are through F with O as centre will give 
the-shape of the peak. The flank of the cam for closing may be 
obtained in a similar manner, that is, by dividing the angle 
during which the valve is closed into (say) eight parts, and con- 
taining the ares through Gi, Go, G3... . ete., as shown in the 
figure. The cam may be completed by drawing internal 
tangents to the circles representing the cam base and the roller. 

In setting out these cams, it sometimes happens that the ares 
drawn with ceatres on the radial lines through Ag and Aq cut 
away the peak of the cam, and then the arc for full opening 
lies outside the envelope of the arcs from Ag and A; In 
such cases, some adjustment either of the relative diameters of 
the roller aud the cam base or of the period of maximum open- 
‘ing must be made; and it may be pointed out that much can be 
-done to simplify manufacture, such as by rendering a straight 
flank possible, by suitably proportioning the roller to the cam 
bases, The lift of the valve for any given angular displacement 
is given by the length of the radial line between the circles 
through G and the point representing the- position of the roller 
corresponding to that left. The curve of valve displacement is 
shown beneath in Fig. 16. 

91. Simple Harmonic Motion.—When a body is moving in a 
circular path, the projection of its motion on a diameter is 
termed simple harmonic. Thus, if a semi-circle is drawn with a 
diameter equal to the lift of the valve as shown in Fig. 168, and the 
semi-circumference is divided into a number of equal parts, (say) 
eight, the motion of a mass moving along bb+ through the distances 
‘shown during equal periods of time will be simple harmonic. 
If therefore the distances GGy, GGe, GGs . . . had been made 
equal to bas, bas, bay, . . . and the centres of the roller circles 
had been at the points of intersection of ares through these 
points with the radial lines through Aq,-As, As, . . . the result- 
ing cam would have given a simple harmonie motion to the 
valve. The method to be employed when such a motion is 
desired is clearly obvious, and should require no further 
explanation. It is desirable to draw the cam diagram as weil as 


VALVE GEARS 145 


the construction used to pbtain the valve displacements at least 
four times full size in order to obtain greater accuracy. 

92. Valve Springs.—The spring is employed to perform the 
operation of closing the valve, and if the roller is to make con- 
tact with the flank of the cam during the full period, the force 
exerted by if must be sufficient to produce the required 
acceleration of the valve, tappets, etc., at the highest speed of 
revolution at which it is intended that the engine should be run. 

For simple harmonic motion, the force required to. produce 
the acceleration is Mw’r cos 6, where M is the reciprocating 
mass, » is the angular velocity in radians per second, 7 is the 
radius of the crank, and @ the angle turned through from the 
line of stroke. The value of cos @ reaches its maximum 
value when commencing to close the valve, and then 0 = 0 
and cos 0 = 1, so that the expression then becomes Mo?r, 
The mass M includes the mass of the whole of the parts 
that have a reciprocating motion. The angular velocity 
referred to above is not that of the camshaft, but of an equiva. 
lent crank which would reciprocate the parts at the desired 
speed. Taking the example shown in Fig. 15, the complete 
stroke of the gear is effected while the camshaft moves through 
4234 degrees so that the angular speed of the equivalent crank 

18 


is By multiplied by the angular speed of the camshaft. Or 


generally = ay @;, where @ is the angle turned through by the 


camshaft during the period of closing, and , is the angular 
speed of the camshaft. 

Example.—lf the weight of the reciprocating mass of valve gear is 
1:2 lbs. lift of valve 0°4 in., the revolution of the engine 1,500 per minute, 
and the period of closing valve on the camshaft is 425 degrees, find the 
strength of spring to close the valve with a cam having a contour 
giving simple harmonic motion. 

1-2 180°x 750 x 2r\? 0-2 
Mor = 37-9 ( ste be) x Tq bbs. 
= 68 8 lbs. 


For uniform acceleration during the first half of the closing 
period and uniform deceleration during the second half, the force 
required is found from the fundamental formula s = }aé? in 
the following manner. “s = the displacement of the parts ina 

M C.E L 


425 x 60 
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time t seconds, and a is the acceleration required to effect the 
movement. The value of t for the data assumed is one half of 
the angle of closing divided by the angle turned through by the 
camshaft per second. IT'rom the expression the acceleration 
may be calculated, and since the force required equals the mass X 
acceleration the strength of the spring may be found. 


Example.—With the data given in the preceding example, for simple 
harmonic motion, find the strength of the spring if the shape of the 
cam produces uniform acceleration during the first half of the 
period of closing and uniform deceleration during the second half 


214 x 60 
ba (sag x 50) 
= 1,500 feet per second, 
Force = Mass x Acceleration 
WD se 
32-2 
=O TONNS: 


| 
ee whe 


The reduction in the strength of the spring from that required 
with simple harmonic motion should be noted ; but, whereas the 
force required to accelerate the gear is greatest at starting with 
S.H.M., the force required for uniform acceleration is required to 
act throughout the time of acceleration. It will be obvious 
that, if desired, the second half of the valve lift in closing may 
be effected in a smaller angular movement of the shaft, thus 
giving a larger valve opening, although at the expense of a 
stronger spring, and therefore a greater load on the cam and 
driving gear. Thespring ]oad should be increased by from 20 to 
25 per cent. beyond that found above, as the friction at valve stems, 
guides, etc., will retard the movement given to the valve. 

It will be fully understood that the calculated strength of the 
spring is only sufficient up to the speed of revolution assumed, 
namely, 1,500 revolutions per minute; at any higher speed, it 
will be unable to accelerate the parts with sufficient rapidity, 
consequently the cam will leave the roller and give a later time of 
closing, accompanied by shock and noise. Stronger springs, if 
used, will cause greater pressure and wear upon the leading flank 
of the cam, so that due care must be exercis ed i in selecting the 
speed for which the spring is designed. 
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The general method of finding the spring load for any cam is 
referred to in pp. 155 and 156. 

Having obtained the pressure exerted by the valve spring, the 
compression due to the lift of the cam will cause an increase in 
this; the additional load should never exceed 25 per cent. 
Unfortunately, however, it is somewhat difficult to use a large 
number of coils, which would permit of a big deflection for a very 
slight increase in the load, owing to the restricted length avail- 
able, so that it is necessary to increase the diameter of the helix. 
The number of free coils and the diameter of the helix employed 
will therefore require some adjustment by the designer, the 
former usually numbering from 8 to 15. The space between the 
coils should be such as would permit of at least twice the initial 
compression of the spring without the coils coming into contact 
with each other. 


ELxample.—To find the proportion of a spring suitable for a load of 
60 lbs., the lift of the valve being O'4 in, Assuming that the mean 
diameter of helix is 12 in., and taking the modulus of rigidity as 
13 x 105 (see Arts. 10 to 24), if the permissible stress = 70,000 lbs. 
per square inch, 

Le WD: 

ener Oso, 

mo Ol als 
0°39 x 70,000 


= 0'145 in. 


No. 8 S.W.G.—0:16 in. is the next largest size of wire, so that this 
will be employed, giving a stress of 51,750 lbs. per square inch. It is 
probable that No. 9 S.W.G. would be satisfactory, being 0°144 in, 
diameter, 

TW T)3 
Deflection per cil = a 
8 x 60 x (18)8 
13 x 10® x (0°16) 
= 0:1465 in. 


Since the extra compression due to the lift of valve must rotin crease 
the load by more than 25 per cent., the maximum load must not exceed 
75 lbs., and consequently the deflection per coil will therefore not exceed 

—~-—— = (1832 in. 

60 : 
L 2 
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The product of the number of free coils by the difference in the two 
deflections must equal the lift of the valve = 0-4 in., that is— 
(0°1832 —0:1465) = 0-4 
n = 10°9 
Say 11 free coils. 


93. Valve Gcar Arrangements.—The three forms of valve 
arrangement have been referred to in Art. 71, and of these, the 
second—valves upon one side—is the most extensively employed 
because of certain advantages it has over the third form, and 
generally also over the overhead type, in regard to appearance, 
access and cost. 

The design of an efficient and simple overhead gear for the 
modern high speed engine is not an easy matter unless the means 
of ready aecess to the valve is sacrificed and the disturbance of 
the valve timing is not objected to. The only satisfactory gear 
of this type is one in which the camshaft is arranged over the 
heads of the cylinders, so as to avoid the use of long tappet rods, 
and entirely enclosed, so as to ensure adequate lubrication and 
the exclusion of dust. These can be easily provided for by 
transmitting the drive through ’a vertical shaft driven by beve!s 
or worms at each end, but it is in regard to access that the defi- 
ciencies are usually apparent, excepting in two or three examples 
—the Maudsley and the Green, for instance—as the removal of 
the camshaft for the examination of the valves necessitates un- 
screwing a number of nuts and resetting the timing gear 
when reassembling—operations which are both laborious and 
undesirable. 

When the valves are placed in pockets at the side or sides the 
camshaft may be driven by spur gearing, by screw gearing or by 
silent chains, examples of each method being seen in current 
practice. With spur-gearing, the teeth may be cut parallel to 
the axis of the shaft, or they may be of the helical form, but they 
usually have involute teeth. The arrangements employed vary 
little—a pinion on the front end of the crankshaft drives a wheel 
on the half-time shaft, but in some cases, because of the great dis- 
tance between the camshaft and the crankshaft, and the conse- 
quent necessity for wheels of large diameter, the timing gearcase 
would assume unduly large proportions; an intermediate wheel 
may then be employed with advantage. Where two camshafts are 
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used, a similar arrangement will be fitted on both sides. Another 
shaft is frequently brought out on one side (sometimes on both 
sides, if two camshafts), and driven by the camshaft wheel for the 
purpose of driving the magneto, or pumps, if fitted, the magneto 
being disposed at the rear of the timing case, and the pumps, ete., 
either at the front or the rear. The placing of pumps upon the 
same shaft as the magneto is desirable, as by so doing a permanent 
load is obtained, which tends to eliminate Guitars of the 
gears owing to variation in the torque requirements of the mag- 
neto and the valves. Occasionally the pumps and the magneto 
are driven by skew gearing 
from the camshaft. This 
allows the designer a great 
deal of licence in arranging 
the parts, and, although rather 
more expensive, is to be com- 
mended, since the most 
convenient and _ accessible 
positions may be selected for 
each fitting. It should, how- 
ever, be observed that, 
generally, the maximum 


diameter which the worm can 


be made, if placed within the Fic. 16. White ana Poppe Camshaft 
rive. 


crankcase, is limited by the 

diameter of the camshaft bearings. The familiar form of drive 
for the magneto and pumps is to arrange a cross-shaft driven 
by skew gearing from the camshaft in front of the engine. A 
plunger pump can be conyeniently operated from the rear end 
of the camshaft. 

The wheel on the camshaft is often of fibre, clamped by rivets 
or screws between gunmetal plates carried by or forming part of 
the hub, which is keyed and nutted on to the shaft, but all steel ; 
gunmetal or phosphor bronze may be employed for any of the 
timing gears. If, however, fibre is not adopted for one of the 
wheels, it is a common practice to use helical cut gears. Both 
fibre and helical wheels are used for the purpose of silencing the 
gears, and the latter have the additional advantages in that they are 
stronger and have a longer life because a larger number of teeth 
are in engagement, Preferably double helical gear wheels should 
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be employed so as to obviate end thrust, but this greatly in- 
creases the cost of manufacture, and is, therefore, not frequently 
adopted. a 

The worm gear provides an excellent means for driving the 
camshaft as it not ouly is silent when first fitted but retains this 
quality to the end. Tig. 7 shows the arrangement employed on 
the 25-h.p. Sheffield-Simplex engine, and in this case the magneto 
and oil pump are disposed at the two ends of the shaft Q, which, 
it will be seen, is driven by the worm P and drives the wheel R 
on the camshaft. In some examples a somewhat similar design 
is used, a cross-shaft being arranged in front of the engine to 
which a worm wheel meshing with 4 worm on the crankshaft and 
a separate worm driving 
the camshaft are fitted, 
the magneto and pump 
being driven as seen in 
the figure. This class of 
gear is, however, rather 
more expensive than the 
ordinary spur gear, but 
the noiseless operation 


2 a more than compensates 
T'te. 17.—Belsize and Crossley Camshaft forthis. It may be noted 
Chain Drives. 


eSson oe 


that with worm gears wear 
has a more marked effect upon the valve setting than with either 
spur or chain drive, but this can, of course, be readily remedied 
by adjustment. 

Recently, the chain driven camshaft has been introduced by a 
number of manufacturers for the purpose of obtaining silence 
and because of its successful working in sleeve valve engines, but 
the conditions of operation are not analogous, and, therefore, the 
question as to the wisdom of the departure from spur and worm 
gears must be determined by experience. Undoubtedly, spur gears 
do cause noise after longer or shorter periods, on account of the 
wear which takes place, but if they are correctly machined and 
fitted in the first place, and are made of suitable proportions and 
materials, there is little cause for complaint. Chains are especially 
suitable for work wh: re the loads are fairly uniform, as with sleeve 
or rotary valves, and they also provide an easy road to silence, but 
since the torque on the camshaft fluctuates considerably any slack 
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in the chain will give rise to a severe snatch’ng action that may 
prove disastrous. In order that the driving side of the chain 
may be always tight and thus minimise the effects resulting from 
the variation in torque, a water pump or a small brake may be 
applied to the camshaft. Wear must, however, take place when 
two surfaces work together and stretching of the links is also 
inevitable, so that-the chain will ultimately increase in length 
and necessitate the provision of some adjustment to take up the 
slack.. ‘lo prolong the life of gears and to render the time at 
which re-setting becomes necessary more remote, it is usual to 
use fairly substantial chains. The chain is generally tightened 
up either by moving the. gear wheels driving the magneto shalt 
or by fitting a jockey wheel; the latter being preferred, notwith- 
standing that it involves another bearing since the magneto can 
then be clamped rigidly in position. In addition, there should 
be means provided for the adjustment of the relative angular 
p sition of the crank and the cam or magneto shafts to compensate 
for the altered timing caused by the wear and elongation of the 
chain betiveen the driving and the driven shafts. This is some- 
times fitled, but in a few cases, the only adjustment embodied in 
the design is one for taking up slack, and even this is occasionally 
omitted. 
The following drives for chain driven camshafts are suggested 
by Messrs. The Coventry Chain Co. :— 
(1) Single chain from crankshaft to one camshaft. 
(2) As No. 1 with chain from camshaft to magneto. 
(8) As No. 1 with chain from crankshaft to magneto. 
(4) Three-point drive embracing crank, cam and magneto 
shafts, the two latter on the same side. 
(5) As No. 4 except the cam and magneto shafts are on 
opposite sides. 
(6) As No. 4 with right and left hand arrangements for two 
camshafts. 
(7) Combination of Nos. 1 and 4. 
(8) No. 1 right and left hand arrangement and magneto driven 
by separate chain off camshaft. 
(9) No. 2 right and left hand arrangement. 
(10) Single chain to magneto shaft and from magneto shaft to 
overhead camshaft. 


OT 


T52 MOTOR CAR ENGINEERING 

There are three principal arrangements of chain drive :— 

(a) A three-point drive embracing the crankshaft, camshaft, 
-and the magneto driving shaft, adjustment being effected 
by moving the last mentioned. 

(b) A three-point drive embracing two camshafts and the 
crankshaft with a jockey wheel tightening arrangement. 

(c) A separate drive from the crankshaft to the-camshaft, and 
from the camshaft (or crankshaft) to the magneto, the 
latter generally having some means of adjustment. 

With this form of drive it is essential that ample bearing area 

is available, and that copious lubrication is provided, since the 

pressures on the bearings are far greater than with either spur 

or worm gears since the reaction at the bearings is equal to the 

pull'on the chain. 

The design of gearing is dealt with in Chapter XIV. 


94. Camshafts.—Camshafts are subjected to combined torsional 
and bending stresses—the torsional stress from the transmission 
of the torque to the cams and the bending stress owing to the 
load on the tappets. They are often suppérted in bearings 
between each cylinder or each’pair of cylinders, but the provision 
of ample support conduces to efficiency in operation and is there- ~ 
fore desirable.. Ball-bearings are sometimes used, but generally 
the bearings are simply bronze bushes pegged or secured in place 
by set screws and of sufficient diameter to pass over the tops of 
the cams, alfhough in some cases this is not so but the bearings 
are withdrawn with the shaft. Lubrication is generally effected 
by splash from the crankcase, but occasionally a special trough is 
provided into which the cams dip. 

The material of which the camshaft is made should be tough, 
on account of the severe and suddenly applied loads to which it 
is subjected, and hard, so that it may retain a good, smooth surface 
at the bearings. A large amount of elongation or ductility is 
undesirable, as the large angular movement of the end of the 
shaft would cause a not inconsiderable variation in the timing, 
especially ina long camshaft. Forged steel of from 85 to 40 tons 
ultimate tensile stress gives very satisfactory results although 
harder and more expensive grades of steel are sometimes used. 
Cams, if separate, may be made of a similar quality of steel and 
must be thoronghly casehardened on their acting surfaces. They 
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are either pinned or keyed to the shaft, and it is always wise to 
give ample width to the cylindrical portion of the cam as it 
greatly assists in fixing the cam square with the shaft when 
assembling. It is however preferred that the cams are solid with 
the shaft as troubles in adjusting and fixing the cams and the 
sheer of the pins are avoided, and the question of renewal after 
use is not important, since modern steels and methods of case- 
hardening have reached so high a standard of excellence as to 
render inequalities in wear exceedingly remote, so that when a cam 
requires replacement it will be necessary to replace all the cams. 


Fic. 18.—Renold Camshaft Adjustment. 


The load upon the camshaft fluctuates considerably. The 
bending moment and the twisting moment upon the shaft are 
due to‘(a) the compression of the spring, ()) the force required to 
accelerate the reciprocating parts of the valve gear, and (c) the 
pressure in the cylinder upon the valve head tending to close the 

valve. ‘hese have their maximum value during the period of 
opening of the exhaust valve and the resultant effect will vary 
along the length of the shaft, being greatest near the driving end, 
but from considerations of economy in manufacture the shaft is 
made.the same diameter throughout, excepting, of course, at the 
bearings and at the cams. The initial load upon the springs will 
be known as well as the extra load due to their compression as 
the valves lift, and the pressure in the cylinder can be ascertained 
from the indicator diagram or by calculation, but the value of (b) 
will depend upon the profile of the cam. Probably the most 
satisfactory way of attacking the general problem for any cam is 
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by the use of a graphical construction, and this will be indicated 
by an example. 

Supposing that the exhaust valve setting employed in an 
engine running at 1,800 revolutions per minute gives a period of 
opening on the camshaft of 40 degrees, that the lift is 0-4 in. and 
that the motion transmitted to the valve is as shown in Fig. 15, 
where OX represents 40 degrees or ‘00741 second, 
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To draw the Velocity Diagram.—If the velocity of the valve 
during opening were uniform the space-time curve would be a 
straight line, and if short distances along the curve are considered, 
they may. be regarded as straight, since the amount of curvature 
is small. Therefore, divide the curve into a number of short 
lengths, such as AB, and draw the co-ordinates AC, BC. Then 
BC is the vertical displacement of the valve effected in a time 

1 

represented by AC, and since 4S = velocity, a 

the velocity at that portion of the curve. Now BC in the figure 

represents a displacement of °056 in. and AC represents 
Bey 1056 


00074 second, so that AG = 00074 — 75°5 in, per second = 6'3 


represents 
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feet per second, hence, the velocity of the valve for the 
portion of the curve considered is 6°38 feet per second. By pro- 
ceeding in a similar manner with a sufficient number of lengths 
on the curve, and drawing a fair curve through the extremities 
of the ordinates set up from OX through the middle point of 
AC, a curve of velocity will be obtained similar to that in 
Fig. 19; 


To draw the Aeeleriation miaghar = —The Heer aera 
is obtained from the velocity diagram and the procedure is some- 
what similar to that already described. If the velocity of the 
valve opening is uniform, the line representing that velocity 
would-be a-horizontal line. Considering the length PQ of the 
velocity curve — the velocity at P is 4°5 feet per second, and at 
Q it is 6°3 feet per second. MHen:ze, during a period PR= 
“000741. second, the—velocity has increased by 1‘8. feet per 

1:8 
000741 
= 2,400 feet per second per second = acceleration. The results 
obtained at the various points upon the curve are then plotted, 
as before, and the acceleration drawn. 

It is advisable to take as short a period of time as possible 
consistent with the accurate measurement of distances, wherever 
the curvature is at all marked, in order that the error due 
{o the assumption that AB and PQ are straight lines may be 
negligible. 

To draw the Load Diagram. —Having found the acceleration 
‘curve, the vertical force required to overcome the inertia of the 
valve gear is obtained from the expression — Force = Mass X 
Acceleration. Assuming that the reciprocating parts of the valve 
mechanism weigh 1°1 lbs., that the diameter of the valve head is 
1°6 in., and that the pressure in the cylinder at exhaust opening 
is 40 lbs. per square inch :— 

Plot the values of the force found from the above expression 
on a camshatt angular displacement base as in Fig. 15. It will 
be seen that the maximum accelerating force is at A and amounts 
to 114 lbs. The spring load? for the compression of the spring 
in this position will be from 20 to 25 per cent. in excess of this 


second, and, therefore, the increase has been at the rate of 


1 To obtain the exact spring load, the acceleration diagram should be drawn for 
the closing side of the cam since the spring is necessary for closing the valve, 
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to overcome frictional resistances — say that it amounts to 
135 lbs. The actual load at any other point will depend upon 
the number of free coils, etc., but it will increase by about 20 per 
cent. and will probably resemble the curve shown in the figure. 
The load on the exhaust valve will be represented by the pressure 
in the cylinder multiplied by the area of the valve head, and will 
diminish in magnitude as is shown. The actual pressures may 
be determined from an indicator diagram or may be closely 
approximated to by estimation, but the result will differ little 
from that plotted in Fig. 20. 

These three curves therefore show the vertical loads upon the 
camshaft at the exhaust valve from which the curve of resultant 
force may be obtained by summation. This reaches a maximum 
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Tie. 20.—Load Diagram for Valve Gear. 


at the commencement of the opening, as it will generally be, so 
that the camshaft is designed for this angle, and any other forces 
acting at this time are determined. These are composed of— 


(a) Forces acting upon the length of shaft between the same 
two bearings as the exhaust valve considered and which 
produce a bending moment upon the shaft. 

(b) Forces which may act at any point in the shaft which pro- 

_ duce a twisting moment upon the shaft. 


It will be found that the forces summarised under (a) for a 
four-cylinder engine with valves all on one side, a three bearing 
camshaft and fixing 1, 3, 4, 2 are greatest for Nos. 8 and 4 
cylinders. Here, when No. 38 is approaching the end of the 
exhaust stroke, No. 4 is just commencing to exhaust. Thus, 
there will be a pressure acting on the back of the cam equal to 
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the spring load plus the inertia load plus the exhaust pressure load, 
since at this portion of the movement between 20 degrees and 40 
degrees before the inner dead centre the parts are being decelerated 
and thus will produce a pressure upon the cam. Every case 
must be closely examined, as there are so many variables entering 
into the question. Only valves which are opening should be 
considered, as the pressure of the spring valve does not act upon 
the camshaft when the valve is closed and the effect from a 
supplementary spring is negligible. 7 

As regard; (b) these may be neglected since they are of small 
magnitude, excepting in racing engines, and even there they are 
not of great value, compared with the high loads due to the rapid 
accelerat on of the gear. 

Taking two cases by way of illustration. Using the data from 
which Figs. 19 and 20 have been obtained, and considering a four- 
cylinder engin3 with valves all on one side— 

(1) With a three bearing camshaft; 

(2) With a five bearing camshaft. 

(1) Assume that the bearings are 10 in. apart and that the 
exhaust valves are placed 2 in. from the centre of the 
nearest bearing. The load at the opening valve (No. 4) is 
840 lbs. and at the closing valve (No. 3) may amount to, say, 
200 lbs. The reaction at the end bearing are 40 lbs. from No.3 
and 272 lbs. from No. 4 cylinder = 312 lbs. The greatest bending 
moment is at No. 4 exhaust valve. 

Then M=/Z 
1 


13 
39 ¢ 


B12 2 = ex 

Since the load is suddenly applied and is alternating, a factor 

of safety of 12 should be employed permitting, for 35 tons steel, 
a stress of 6,500 lbs. per square inch. 


a/ 312 xX 2x 382 
a X 6,500 
= 0°992 in., say 1 in. diameter. 


Hence —d= 


(2) For a five-bearing shaft only one valve is considered. If 
the pitch of bearings is 6 in, and the valve is 2 in. distant 
from the centre of one bearing, the reaction at that bearing from 
the !oad of 840 Ibs. is 118, lbs. 
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Then M=fZ 
7 
1181 x 2 = 6,500 x nae 
°/1184 X 2 X 382 
{= 3 
‘ v 6,500 X = 


= 0°71", say 0°75" diameter. 

Note.—These must be the minimum diameters employed, if 
the shaft is cut for keyways or drilled for pins suitable increases 
in the dimensions must be made. It will be observed that the 
distances have been measured along the shaft from the centres 
of the bearings. This is always the case, as it is assumed that 
bending takes place from the centre and not from the edge of a 
bearing. 


CHAPTER VIII 
PISTONS, GUDGEONS AND CONNECTING RODS 


95. Material for Piston. — The material most extensively 
employed for the piston is cast iron, on account of its excellent 
wearing properties with both cast iron and steel cylinders. 
Pressed steel, cast-stieel, and malleable cast-iron are sometimes 
used, because it is possible to effect a reduction in weight on 
account of their greater strength; at the same time it must 
not be forgotten that pistons made from these metals are much 
more expensive, and, therefore, the two questions of extreme 
lightness and cost must be considered when deciding the material 
to be employed. Further, where either of these metals are 
intended for work in conjunction with steel cylinders, special 
attention is necessary in regard to the construction employed, 
because unless a copiovs supply of lubricant is- maintained, the 
surfaces have a tendency to grub up. In some designs of steel 
pistons, two wide packing rings of phosphor bronze are fitted, 
which if used in steel-cylinders, are so arranged that they take 
the side thrust on the piston. 

Homogeneity is a desirable quality 1 in the material employed 
as the formation of hard spots in the metal leads to ununiform 
pressures, and may cause abrasion through overloading and local 
heating, The power lost.in piston friction represents by far 
the greatest fractional loss in the engine. 

Piston rings are generally made of a slightly harder grade of 
cast iron than that used for the piston, but both stzel and phospor 
bronze rings have been successfully employed. 

96, Piston Construction.—Pistons may be broadly divided into 
three classes—the flat top, the domed top, and the recessed top. 
The advantages and disadvantages of these have been discussed 
in Vol. I., Art. 16, and need not be referred to here. The upper 
portion of the piston is tapped so as to allow for the expansion 
of the head due to its higher temperature, the amount allowed 
being largely dependent upon the construction followed. Fora 
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domed top the clearance at the top is greater than that for a 
flat top, being about three-thousandths of an inch per inch of 
diameter for the former to about one and half thousandths per 
inch of diameter for the latter. This clearance is gradually 
reduced in the body to about one thousandth per inch of diameter. 
Webbing is now seldom used to stiffen flat top pistons, but 
occasionally concentric rings of metal are formed in the interior 
of the piston to assist in cooling the head. 

Since the piston serves as a guide for the crosshead as well as 
to transmit the pressure in the cylinder to the connecting rod, the 
length of the piston should preferably be not less than the 
diameter so as to prevent tilting. It varies from 1°0 to 1°4 
times the diameter in current work. For the purpose of 
lightening the piston, in some designs a number of holes are 
drilled through the skirt, and in others a portion of the piston’ 
is.cut away at the sides as may be seen in Figs. 12 and 13, 
whilst in many cases the walls are made very thin. Reduction 
in weight without the sacrifice of strength is assisted by turning 
down the piston to a smaller diameter for about half: the length 
below the gudgeon pin, although this is done for the purpose 
of assisting lubrication by retaining oil between the surfaces. 

97. Number and Dimensions of Rings.—Considerable variations 
are seenin the number of rings employed, as from two to five 
rings are to be found in first class work. Usually, either two 
or three rings are placed at the top of the piston, and these may 
be supplemented by one ring which acts as security for the 
gudgeon pin and a scraper ring at the bottom, although in some 
racing engines a single ring scarfed at the joint has sufficed to 
retain the pressure. ‘The width of the rings averages about 7, 
of the diameter of the piston, but slightly wider and ale 
narrower rings are to: be found in practice. It is usual to turn 
the rings concentric, but this system is defective since the pressure 
is not uniformly distributed around the wall of the cylinder, 
although in order to make the ring touch the cylinder throughout 
the circumference it is not unusual to turn the rings to a 
large diameter, cut them, spring the ends together, and then turn 
or grind them to the same diameter as the cylinder. In some 
cases the rings are hammered on the inside after cutting instead 
of machining. 

A-few makers make the thickness at the slit less than that 
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at the part directly opposite it, and Messrs, Willans and Robinson 
manufacture a special concentric ring that it is stated will give a 
uniform pressure on the cylinder walls, It may be shown! that to 
obtain this uniformity of pressure, the amount of eccentricity of 
the ring should be approximately 0°206 of the thickness of the 
ring at its thickest part. Hence a ring of maximum thickness 
0:05 D an average value will have an eccentricity of 0:0103 D 
and be about 0°0295 D at the slit. It is not unusual to make the 
scraper ring of uniform thickness, 

The slit in the ring is usually made by a saw cut placed at an 
angle of about 45 degrees; but since the loss of gas takes place 
almost entirely at the joint (as is clearly shown when all the slots 
work into line) it is preferable to scarf the ring at the joint, and 
thus render leakage less likely to take place. The rings should - 
also be pinned to prevent them working round, but with the thin 
bodies now employed this becomes a somewhat difficult matter, 
if it is not altogether impossible to effect the purpose with perfect 
safety. 

98. Piston Thicknesses.—The thickness of the head is largely 
dependent upon the judgment of the designer, as if made to the 
thickness found by using the ordinary rules for cast iron or steel 
plates an unduly heavy piston would result. For flat-topped 
pistons without webbing the thickness generally varies from about 
0°22 in. (5°5 mm.) to 0°25 in. (6°5 mm.) for a 4 in. (100 mm.) 
piston, and from about 0°16 in. (4 mm.) to 0°2 in. (5 mm.) for 
a 8 in. (75 mm.) piston, Steel pistons are made even thinner 
than the figures here given, as are also those of cast iron in some 
engines. Pistons having domed or recessed heads are seldom 
made of less thickness than that calculated by the rules given 
above for the lower limits (although stiucturally they are much 
stronger) excepting in special cases where a very high speed of 
revolution is employed in the engine. Occasionally pistons 
are made thinner at the centre of the head than at the 
circumference. 

The thickness of pistons behind the rings is not subject to 
great variations with the range of bores commonly adopted, and 
differs little from 0°125 in., or, say, 8 mm. ‘The stress induced 
will be found to be small having regard to the high compressive 
strength of cast iron. The skirt tapers off from about 0°125 in. 

1 See Unwin’s “ Machine Design ”—Part II. 
M.C.E, M 
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(3 mm:) to about 0°09 in. (2°25 mm.) at the lower edge with 
cast iron, and to about 0:06 in: (1°5 mm.) with steel pistons. 
Where:a scraper ring is fitted, it is necessary to thicken up. the 
piston at the bottom so as to leave about 0:09 in. to.0°06 1 in, of 
metal at the back of the ring, 

The bosses for carrying the eudgeon pin are so ) generally pro- 
portioned that the effective length of bearing surface in connect- 
ing rod end is from 0:4 to 0:5 of the cylinder bore.. The thickness 
of metal surrounding the gudgeon pin should not be less at any 
point than 0-2 in. (5 mm.) for an 80 mm. piston and 0°25 in. 
(6 mm.) for a 100 mm. piston, roughly 0°0625 of the cylinder 
bore. 

99. Gudgeon Pins.—These should be made either of a very hard 

-crade of steel or else of a mild steel and thoroughly case-hardened 
in order to resist wear, and in addition to permit ligh loads to 
be carried without abrasion. 
_ At one time it was deemed advisable to so place the gudgeon 
in the length of the piston that the bearing areas above and 
below it ‘were about equal, but now little regard is paid to this. 
It is usually arranged between 0°33 and 0°5 of the length of the 
piston from its upper edge, the former reducing the height of the 
engine, and the latter by removing the gudgeon bearing further 
from the piston head conducing to a more efficiently lubricated 
part. There is probably insufficient difference in the actual 
dimensions to give either any real advantage, and the diameter of 
the pin will influence the result. 

The pin may be made either solid or hollow. If the former, it 
will be necessary to use a small diameter (otherwise the weight 
becomes unduly high) and this will probably entail the employ- 
ment of greater intensity of bearing pressure. On the other hand, 
the adoption of the hollow form although permitting the use of 
lower bearing pressures, is at some disadvantage because of the 
increase in the weight of the connecting rod end and of the bosses 
in the piston. For the solid pin, a very good rule for the diameter 
is a minimum of 0°125 of the cylinder bore, and for the hollow 
‘pin a diameter of 0:2 of the cylinder bore. The ratio of the 
internal to the external diameter should not exceed 0°65 to 1:0. 

The methods employed for securing the pin against rotation 
and end movement are many, but the two principal are by a ring 
fitted to the piston passing either through or over the ends of the 
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gudgeon, and by a taper pin screwed into a boss provided on the 
piston, the taper portion of the pin fitting into a corresponding 
taper in the. gudgeon, thus preventing motion in any direction. 
Where the former is adopted the ring may be narrow, of cast iron 
or of steel, or it may be fairly broad so-as tocompletely cover the 
end of the pin, and made either of cast iron or of phosphor-bronze ; 
but in_both constructions means must be provided to prevent 
the rotation of the pin. The total length of the pin should be 
always less than the cylinder diameter, and of such a dimension 
that it cannot make contact with the cylinder wall in any 
position. , 

The gudgeon pin is designed for bearing surface only, as if 
suitably proportioned for carrying the load there is ample 
strength to resist shear. All bearing areas are calculated by 
multiplying the length by the diameter, that is, the area in a 
diametral plane, since the greatest intensity of pressure is at 
the centre of the bearing. The permissible pressure lies between 
1,500 and 2,500 lbs. per sq. in. (1:05 to 1:76 kilos per mm.?) 
depending largely upon the form of lubrication provided. - For a 
fully forced system the higher pressure may be used, but for 
splash. the lower limit is preferred, and the load is found by 
multiplying the pressure at ignition by the cross-sectional. area 
of the cylinder, as. although the inertia load will reduce the 
actual load at the faster speeds of rotation, at the slower speeds 
the inertia effect will be small and hence negligible. 

100. The Connecting Rod.—The material used for this part of 
the engine differs with different manufacturers. High strength 
earbon steel, nickel steel, and nickel chrome steel, which vary 
greatly in their physical characteristics, are all employed, while 
occasionally the rods are made of cast steel. This variation-in 
the grade of steel used does not of necessity indicate the class of 
enginé produced, but that it is the most suitable, having regard 
to the questions of cost, manufacturing facilities, speed of engine, 
power, etc. 

The length of the connecting rod is made between 4°0 and 5:0 
times the length of the crank, but-the majority of makers keep 
within a ratio of 4°5 to 4°75 to 1. It is desirable to make the 
connecting rod as lorg as possible, but limitations are imposed 
by the height of engine which is practicable, and with longstroke 
engines, unless an abnormally high engine is to result, a con- 

ee 


164 MOTOR CAR ENGINEERING 


necting rod must be kept down to nearer the lower limit given. 
In some special cases the ratio of connecting rod to crank is even 
less than 4°0. To obtain the strongest section to resist the 
bending load on the rod, the H section is commonly employed, 
although the hollow circular rod has some adherents, The 
former is generally drop forged, and comparatively little machine 
work is done upon it except at the ends, but where light- 
ness and uniformity of weight are of the highest importance 
the rod is often machined all over. With the circular rod, this 
is forged and turned throughout its length, and in most cases 
the hole through its centre serves as a duct to carry oil to the 
small end. On account of the little movement at the gudgeon 
pin, and the class of materials employed, it is unnecessary to 
make this end adjustable. It is also undesirable, because of the 
increase in weight which it would necessitate. The bottom end 
is, however, arranged so that adjustments may be effected there. 

101. Load upon the Rod.—The load upon the rod is of two kinds 
—the end load due to the pressure upon the piston, and the 
inertia load due to the swaying on the rod. The former is a 
maximum when the latter is at its minimum, namely, on the 
inner dead centre, and decreases as expansion takes place. The 
transverse inertia load increases as the crank moves from the 
dead centre, and is at its maximum when the crank is nearly 
at right angles to the connecting rod—the actual position will 
depend upon the ratio of connecting rod to crank radius, but 
may be assumed to be in the position stated without tangible 
error. Now, both these loads must be considered in the design 
of the rod, especially the latter, which often produces a stress in 
excess of that from the former. 

In the design, the end load on the rod is taken to be the full 
pressure upon the piston, since the maximum load will occur at 
starting up and when running at low speed, and the inertia 
eifects are then negligible. For the position of maximum trans. 
verse bending force on the rod, the end load is taken to be to 
that on the piston only (the inertia force in the line of stroke has 
here disappeared), and the effect of obliquity is neglected. That 
no substantial error is introduced may be readily proved. 
Referring to Fig. 21, the forces acting at the gudgeon pin are— 
P, the pressure on the piston; R, the thrust on the cylinder 
wall ; and §, the thrust along the connecting rod. The value 
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of S is P sec. @, and sec. @ is greatest when @ is greatest, that is 
when the crank and connecting rod are at right angles. In the 
figure, considering the triangle OCX, sec. 0 = 
Woe Ab ne 2 aati i 
v1 origi = vii + 1 so that S = P Vise 
nr n n 
When n = 45,8 =P eee = 1024 P; that is, by taking 


the load on the rod as P, the error is only 2°4 per cent. 


102. The Design of the Rod.—'The design of the connecting rod 
is in three parts :— 

(1) The upper part of the rod and attachment to gudgecn 

pin. 

(2) The body of the rod. 

(3) The attachment to the crank. 

The attachment to the gudgeon pin will be largely determined 
by the length and diameter of the pin. Usually this end is fitted 
with a hardened steel bush, which projects slightly beyond the 
snall end of the rod on each side, but phosphor bronze and har.| 
gunmetal bushes are also fitted. Means for lubrication must be 
provided, and these will consist of a hole or cup formed in the 
extreme end of the rod in the case of splash lubrication, and a 
pipe led to the underside of the pin in the case of forced lubrica- 
tion. Provision must be made to prevent the rotation of the 
bush, and preferably there should be a recess cut in either th: 
outside of the bush or the inside of the hole into which it is 
fitted so that the maintenance of the supply of lubricant may be 
ensured. From strength considerations it will be generally 
found there is ample metal in the small end,and it is there- 
fore only necessary to point out that it is essential that good 
radii are provided between the small end and its junction with 
the upper part of the rod. 

The upper part of the rod near the end is treated as subject to 
PD? 
4 
sure and D is the diameter of the cylinder, so that the cross-sectional 


direct stress. The load is where P is the explosion pres- 


: lead Dia . spree 
area required is We +f. It is therefore only necessary to 


choose a section for the rod which has the required area. For 
hollow circular rods it is inadvisable for the internal diameter to 
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exceed 0°65 of the external diameter, but it is generally best to 
leave the determination of the exact dimensions for this part of 
all rods until after those for the body have been settled. 

The Body of the Rod.—The connecting rod must be considered 
in two positions :— 

(a) On the inner dead centre. 

(b) When at right angles to the crank. 

(a) Here the connecting rod is a column hinged at both ends, 
since bending will take place in the plane of reciprocation, to 
which Gordon’s formula may be applied. 


aa fe 
Then P ey 


P is the load upon the piston at ignition. : is the cross-sectional 
area at the middle of the rod. a= = 5500 (se6 Art. 14)) 1-— 
length of the connecting rod. k is the radius of gyration. 


: k= Via + @ (qi + a3) 
for a hollow circular rod and 


ees lobe 0 
; 12 BH — bh 
for an H section rod, and f, is the two-thirds of the coni- 
pressive strength of the material divided by the factor of safety 
allowed. : 

(b) The dimensions necessary to resist failure due to the axial 
load and the transverse bending load require two operations to 
be performed. 

For the former, Gordon’s formula may be applied. 

' jeune 
Pp thts 


[2 


Aa 14a, 


=< 


pis fie load upon the piston when ie erank is at right aces 
to the connecting rod, and is the pressure (P, — 14-7) of Art. 60, 
A’ is: cross-sectional area of the rod at the pomt in the length 
the rod of maximum bending moment due to .the transverse 
acceleration, f’, is the permissible stress, and the other symbols 
have their previous significance. 


For the latter, the transverse inertia force, the rod is assumed 
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to be of uniform section throughout, as the error involved by. so 
doing is extremely small. . 

Referring to Fig. 21, when the crank is none 4 mone en 
to the connecting rod, the acceleration at right angles-to the rod 
increases uniformly ‘in zero at © to #%r at X,so that the 
diagram representing the acceleration is as shown by the triangle 
OXY j in the figure where XY = @?r (w is the angular velocity 
of the crank in radians per second, and 7 is the radius in feet). 


rc. 21.—Load on Connecting Rod. 


At any point distant 1-from the gudgeon pin the: adceleration 
will be or = If w is the weight of unit length of-the rod, the 
inertia force upon the rod at any point distant 1from the gudgeon 


pin will be A wy = and the total inertia force upon that length 


of the rod is . ain oe The total inertia force on the whole 


length of rod is ria and its resultant will act at the 
mass centre of the triangle CXY, since the diagram of. acceleras 
tion is a diagram of force to a different scale, that is, at a distance 


ae from the oudgeon pin. “The resultant of total foree in the 
3 


21 : 
length 1 will similarly act ata distance 3 from the gudgeon pin. 
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The reaction at the gudgeon pin end due to the total inertia 


Pee 
force in the rod is Sa x _ and for the total inertia force on 
Wow2rl? L 


the length 1 = oq 3 at the crankpin end. 


The bending moment at any point distant 1 from the gudgeon 


pin will be—- 
whorl wae? 
M= 69 = 6gL 
ee Wea is (L21 ~~ 18), 
bg 
The bending moment on the rod is a maximum when M isa 
maximum, but the expression outside the brackets is a constant, 


therefore it is only necessary to find when (L?1—1?) is a maximum, 


and this occurs when 6M _ 0. 


OL) = 
Differentiating L? — 312? = 0 
L 
ls 
= 0:5773L, 


that is, the point of maximum bending moment is at a distance 
0°5773L from the gudgeon pin. 
Substituting this value of 1 in the expression for the bone 
moment, 
Mae | (L? x 05778L) — (0°5778L)° 
6gL 
= 0°002, ww? L’, - 


002 ww?rL? 
F = 7, 5 


Now there are two equations to be satisfied from the above 
2 


@paPl taal 
Of = itd 
P(1+ap) 4. 9:002 wot Lt 


ae er w a 


of which the only unknown quantities are w, f, A and Z. 
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But w = cross-sectional area of rod X weight per unit volume, 
and therefore only f,, A and Z are unknown. f, is two-thirds of 
the ultimate strength of the material divided by the factor of 
safety. The factor of safety for this case should not be less than 
8 and preferably 10, since the load fluctuates between a maximum 
on ignition and zero, at slow speeds; or between a maximum in 
one direction on ignition and a maximum in the opposite direc- 
tion at the end of the exhaust stroke at high speeds and is 
suddenly applied—for the latter condition inertia forces in the 
line of stroke have to be considered and the pressure on ignition 
will be reduced considerably. 

Now, assume a section for the rod, substitute the values of A 
and Z in the equations and find the stress. 

With a little experience and a judicious adjustment of the 
assumed dimensions it is generally possible to determine the 
section required on working through the equation a second time. 
Further, the dimensions which satisfy (b) will usually be found 
to be ample for (a). In the case of circular rods no further 
calculation is required for this part, but when rods are of H 
section they should be checked for strength, at ignition, in a 
direction at right angles to the plane of rotation. The value of 

1 1 BH§—b)3 
36,00uU 12 BH —bh° 

Having obtained the section at a point 0°5773L from the 
sudgeon pin, th3 suction at the small end to give the required 
area can now be determined, due regard being paid to considera- 
tions of manufacture ; and the section at the crank pin end may 
be found by setting out the rod on paper and drawing lines through 
corresponding points on the two sections. 

The Attachment to Crank.—The connecting rod is attached 
to the crank by means of two or four bolts which secure a cap in 
position. Two bolts are used where long bearings are employed 
to obtain rigidity and to make the bearing more compact, but it 
is probable that the weight of the part is increased slightly. 
The bearing is lined with either bronze or white metal carried in 
gunmetal shells, or with the white metal run into the connecting 
rod end itself, but with the improved methods employed in cast- 
ing white metal—the Eatonia process or die casting—it is quite 
satisfactory to cast the bushes of white metal alone, thereby dis- 
pensing with the weight and space required for a shell, where a 


a in Gordon’s formula is then and k is 
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shell is used, or loose lining, it should be pinned to prevent any 
movement. 

The bearing area is product of the length and the diameter of 
the crankpin, and one should preferably not be less than 3d: 
The diameter of the pin is determined largely from strength con- 
siderations and the length is dependent upon the pitch of the 
cylinders, etc., but it is necessary to see that sufficient bearing 
surface is provided. In many cases the area will be found to be 
adequate, but often it is not, and since it is undesirable té 
increase the pitch of the cylinders, the dianieter of the crank- 
shaft must be enlarged. Of late there has been a tendency to 
increase the diameter of the pin to give greater tensional rigidity 
to the shaft, but it has also a beneficial effect in reducing the 
bearing pressures and lengthening the life of the bearing. It 
should be observed, however, that the diameter of the bearing 
must not be enlarged in order that the length may decrease, for 
an increase in diameter should be seein nes by a decrease in 
the pressure, because the rubbing speed at the bearing has been 
increased. Further, the frictional losses at a large diameter bear- 
ing are greater than those at a smaller bearing if the eee 
of pressure is the same in both cases. Saat 
- ‘The intensity of pressure at the bearing varies. ees 750 
and 4,500 lbs. per 8q. in. (0°527 to 1:05 kilos per mm.?)— the higher 
limit being used on some forced lubrication engines—but it is weil 
not to ah 1,200 lbs. per sq. in. (0°844 kilo per mm.?) in the 
fast-running engines that are now fitted if they are required to 
run for prolonged periods. Similarly, it is preferable for the lower 
limit of pressure to be not more than 600 lbs. per sq. in. (0°422 
kilo per mm.”) for the best results unless the continuous supply 
of lubricant is ensured at all times as, for example, when the 
engine is inclined as in hill-climbing. The load is taken to be 
the pressure in the cylinder at ignition without any pedureis on 
‘account of inertia forces. 

The connecting rod bolts are subject to the oreatest stress when 
‘the engine is running at high speed on the exhaust stroke and 
“the crank has nearly pomthed the dead centre. . The load is an 
‘inertia load, due to the mass of the reciprocating parts, and is 


equal to Total Load on bolts = Mw?r (1 + ale Where n is the 


-ratio of the connecting rod length to the crank radius, M is the 
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mass of the reciprocating parts, » is the angular velocity in radians 
per second and ris the crank radius in feet this is divided between 
the number of bolts, so that the area required for each bolt at the 
bottom of the thread is— 


fee 


Area per bolt at bottom of thread = Mw?r a "! where N is 


the number of bolts and fis the permissible stress. The factor of 
‘gafety should not be less than 8, and preferably-10, since with 
the small bolts used the ultimate tensile strength of the core is 
not so high as that of the bar from which they are made. 

The bolts should be turned down for a portion of their length 
to a diameter slightly less than the diameter at the bottom of the 
thread so as to increase their capacity for absorbing shock. They 
should also be placed as close together as possible in order to 
reduce the weight and size of the part. 


CHAPTER IX 
CRANKSHAFTS AND FLY-WHEELS 


103. Material for Crankshafts.—The essential qualities that are 
necessary for the material used in the manufacture of crank- 
shafts are strength, elasticity and hardness. The two former are 
obvious from the nature and the character of the loads to which 
the shaft is subjected—alternating and suddenly applied—while 
hardness is needful because surfaces of softer grades of steel 
seldom obtain those smooth, hard, wear-resisting surfaces that 
are soon acquired by the harder grades of metal if originally in a 
good condition. There are many kinds of steel that fulfil these 
requirements, end the selection of any particular variety must 
depend upon the designer, who will have regard to the class of 
work upon which the engine is to be engaged—a reference to 
Tables 7, 8, and 9 should be of assistance here. 

Crankshafts are now seldom built up, but are forged from the 
billet, generally drop forged, because this assists greatly in 
reducing the cost of manufacture. 

104. Arrangement.—With regard to the number of bearings, it 
cannot be too strongly emphasised that adequate support must be 
given to the crankshaft, and further, that any construction which 
will reduce flexure is desirable. On account of this, the provision 
of bearings between each crank although not absolutely necessary 
for successful operation, is to be commended, while in addition 
wear at the edges of the bearings, due to excessive flexure of the 
shaft, and vibration attributable to the same cause, are considerably 
minimised, and the loads upon the parts reduced. 

This flexure of the shaft results from (a) the load from the 
explosion and (b) the centrifugal force, acting at the cranks set 
up by the revolving mass of the crankarm, crankpin and con- 
necting rod end. The former may be generally disregarded in 
this connection, but not so the latter. It will be found on refer- 
ence to Chapter X. that a four-cylinder crankshaft is in perfect 
rotating balance as a system, but if one crank alone is considered, 


CRANKSHAFTS AND FLY-WHEELS 173 


the force at that crank tends to displace the bearings on either 
side of it and is restrained by those bearings. If, however, there 
are two cranks between two adjacent bearings, the forces are 
opposed but institute a couple upon the shaft causing one crank 
to deflect outwards in one direction and the other crank to deflect 
in an opposite direction, At low speeds of rotation the magnitude 
of the deflection is negligible and hardly apparent, but as the 
speed increases the defect becomes more and more pronounced, 
and disturbs the smooth running of the engine. To overcome 
this effect in some engines, the crankwebs have been extended on 
the opposite side to the crank so that they act more or less as 
balance weights for that crank—it is for partially balancing each 
individual crank since the shaft is balanced as a whole. It will 
be readily apparent that the greater the distance between the 
cranks, the greater the magnitude of flexure since the deflection 
varies as the (span); thatis, if the pitch of the bearings is halved, 
the deflection is reduced to one-eighth of its original value. Itis 
not, however, always possible to arrange for a bearing between 
each crank, as in en-bloc castings, except when the water spaces 
between adjacent cylinders is made of large dimensions. When 
there are two cranks between two adjacent bearings the con- 
necting web. between the crankpins is sometimes made parallei 
to the outside webs (see Fig. 9), and sometimes inclined to them 
(see Figs. 9 and 10, Vol. I.) The latter is more expensive to 
machine, and is usually found in engines in which ample water 
spaces are provided, but the construction seen in Fig. 9, Vol. IL., 
shows how the use of an angled web may be avoided by swelling 
up the crankpin at one end. 

The arrangement of cranks has been discussed in Vol. L, 
Arts. 19—21, and the reader will probably be familiar with those 
generally employed, so little need be said under this heading 
here. The number of cranks is dependent upon the number and 
arrangement of cylinders. In some cases, as with horizontal 
engines with opposed cylinders and also in eight-cylinder vee and 
in radial engines, it is possible to arrange for two or more pistons 
to be operated from one crankpin, but in atl cases the determining 
factors are uniformity of torque and a good balance, as an engine 
which is unsatisfactory in either of these respects is not likely to 
attain any degree of commercial success. For car work, the one, 
two, four or six-cylinder vertical engine are used by the vast 
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majority of makers, and these have one connecting rod to each 
crank, although there are a few cars fitted. with vee engines, 
having two, six, or eight cylinders with two connecting rods to_ 
each crap 

Hollow. crankshafts are frequently employed bocaae for any. 
given weight of metal they are better able. to resist the bending. 
and torsional stresses, they are less liable to fracture, they reduce 
the bearing pressures, and the hole through the centre serves as an 
oil duct-for a force lubrication system. It is, however, unwise. to 
make the hole too large in relation to the external diameter, since 
there is a risk of distortion at the journals—a ratio of external 
diameter should not be greater than 0°65. 

. The icrankpins and journals must join up to the w ebs in sa. 
rounded curves of at least $ in. (8 mm.) radius, as parts which have 
abrupt changes_of form are liable to fracture on account of. the 
uneven distribution of stress. The webs should be about 4in. (6 
yom.) greater in depth than the diameter of the journal, and means- 
should be provided to retain the shaft in a definite axial position - 
under all conditions of service, such as by slightly enlarging one 
of the crankwebs at the journal so that it may act as a thrust 
collar when declutching. ; 

When the crankshaft is drilled for the purpose of lubrication. 
care should be taken that the holes do not come too near to the 
junction between the web and the journal or pins (it is much pre- 
ferred for the holes to be arranged as shown in Fig. 9) ; and since 
the hole must be plugged with screwed plugs at the ends the. 
number of holes should be limited, and these carried only as far 
as is necessary to give a clear passageway for the oil. 

. Oil-throwers, for preventing the oil from travelling along the 
shaft at the rear end and giving a dirty appearance to the engine,. 
may be provided either by cutting a vee groove round an enlarged 
portion of the shaft, or by forming a ring upon the surface of the 
shaft immediately after the end-bearing and within the crankcase 
(see Fig. 4), At the front end of the shaft the timing pinion will 
be fitted as well as the dogs for starting up. the engine. Two 
arrangements are shown in Figs. 4 and 9. - 

The construction adopted at the rear end of the shaft will 
depend largely upon the method of attachment of fly-wheel and 
the form of clutch employed. These receive attention later. 

- 105. General Design of Crankshafts.—Crankshafts are subjected 
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in working to both bending and tension—bending due to the load 
upon the piston and torsion from the torque transmitted—so 
that before the methods of design are proceeded with it would be 
well to examine the conditions which exist in a shaft subject to 
such straining actions, in order’ that the basis upon which various 
formule used by engineers in the. design 

of crankshafts are founded may be better 


a ede 
understood. 

When a shaft is loaded by a single load 
the fibres are stretched on one side of the © ; 
beam and compressed on the opposite side, 
inducing tensile and compressive stresses — 


(normal stresses) in the material on either D an 
side of the neutral axis. In addition there eee bomen Acai 
are shear stresses induced in the material gram for Shatts 
in a plane at right angles to the neutral oe Torsional 
axis but which are zero at the point of "~~ 
application of the load, that is, where the tensile and com- 
pressive stresses are a maximum, so need not be considered. 
Also in a shaft subject to pure torsion, the principal stress is a 
shear stress, as may be seen by considering a 
x small square lamina on the surface of a shaft, 
the sides being respectively parallel to and at 
right angles to the axis of the shaft, as shown 
in Fig. 22. |The shear stress /, along DA, BC 
produces a couple tending to displace* the 
lamina, and therefore, to maintain equi- 
librium there must be an equal and opposite 
shear stress along the-sides BA and DC. 
Resolving the forces which induce the 
stresses along the diagonals AC, BD, it will 
be seen that a tensile stress is produced on 
nee Mea OS Dia. AU and a compressive stress on BD. Thus, 
gram for Shafts there is a tensile stress and a compressive 
Pes Combined stress on two planes at right angles to one 
: another and inclined at an angle of 45 
degrees with the axis of the shaft. 
For combined bending and twisting, take a triangular Jamina 
XYZ, as shown in Fig. 23, the stresses are the shear stress /, on 
XY and YZ, the tensile stress f, on XY, the resultant shear 
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stress f,/ on XZ and the resultant normal stresses jf’, f/(’ on ZX 
and a plane at right angles to it. 
The resultant normal tensile stress on XZ 


h=t+ Vit oh 
The maximum normal compressive stress on the plane 
perpendicular to XZ may also be found to be 


flat — JP 
and the maximum shearing stress is similarly 
fi = VF aK 
106. Formule used for Shafts subject to combined Stress.—There 
are several formule used in the design of crankshafts but the 
following are those best known 
Rankine (a) B, = $B + 3 VB? + 13 
0) T, = B+ VBE 2 12 


French Be = £3 4-3 VB? 
Guest Bes VB a? 1? 
i 
ie aa 
St. Venant B, = Z c Nears 


where B, = the equivalent bending rare T, = the equivalent 
twisting moment, B=the actual bending moment, 'T = the 


Ris ie : ; 
actugl twisting moment, and 58 Poisgon’s ratio. 


These formule, notwithstanding the variation in the magnitude 
of the equivalent bending moment obtained from them, have all 
a rational origin, and are based on the theory that failure results 
from either the normal stress, or the shear stress, or the strain 
produced by the combined stresses, 

The Rankine formule are perhaps the oldest and those which 
have been most extensively employed in this country. They are 
founded on the assumption that the normal stress 


en Vie + EP 


produces fracture. The Guest formuls is of more recent intro. 
duction and is confirmed by the results of a number of experi- 
ments carried out by him at Montreal, which indicated that the 
resultant shear stress 
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Se = Vii + AP 
caused the failure of the material. This formula is not, however, 
accepted in its entirety, as subsequent experiments by independent 
investigators show that it is only applicable to shafts made from 
soft, ductile material, and it has been suggested ! that a variable 
might be prefixed to the expression so that the formula becomes 

B, =k VEIL D - 
where k for mild carbon steel is 0°77. Without enlarging further 
upon the matter, as the subject is a very wide one, and a large 
number of papers have been contributed to the various institutions 
and to the engineering press, it may be stated that the brittle 
materials fail according to Rankine’s theory and ductile or elastic 
materials according to Guest’s. 

The French or Grashof and the St. Venant formule are 
similar in character, the latter being the general and the former 
the particular form when = 0°25. In these failure is assumed 
to be caused by the strain produced by the resultant normal stress. 
When - s= 03; 

B, = 0°35 B? + 0°65 VB? + T2 

For the methods by which the magnitude of the maximum 
stresses are obtained, and the formule for the equivalent bending 
moment derived, the reader is referred to textbooks on the 
strength of materials.” 

In applying these formule for any given stress and bending and 
twisting moments it will be found that, excepting the Guest’s 
formula, there is little variation in the dimensions obtained, partly 
owing to the comparatively small value of the moments acting, 
partly because the resistance of the shaft to fracture varies as the 
cube of the dimensions, and partly because the formule differ 
little in themselves. The dimensions will be smallest in Rankine’s, 
the French next, St. Venant’s next, and largest with Guest’s. 


The Author has found the formula quoted above, where — == 0:3; 


to give very satisfactory results in practice, and this will be used 
throughout the book. 


1 See Engineering. 
2 See Morley’s “ Strength of Materials.” 
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107. The Design of the Crankshaft.—For the purposes of design, 
crankshafts must be divided into classes according to the number 
of cranks between adjacent bearings. Thus, a three-bearing shaft 
for a two-cylinder engine, a five-bearing for a four-cylinder 
engine, and a seven-bearing shaft for a six-cylinder engine are 
all in the same class, and shafts with two cranks between two 
adjacent bearings are in another class. The former will be 
designated Class I. and the latter Class II. 

It is first necessary to obtain the positions at which the 
maximum straining actions occur, and these may be determined 
either by drawing an equivalent bending moment diagram for 
the bending and twisting moments on the shaft or by estimation 
of the magnitude of the acting moments. The latter is to be pre- 
ferred, since it is known that the maximum bending moment on 
the. shaft occurs when one crank is on the top centre at the point 
of ignition, while the combined bending and twisting moments 
produce the maximum straining action when the crank is at 
about an angle of 40 degrees with the lite of stroke from the 
inner dead centre. These positions may be verified graphically, 
but will be found to be approximately correct with a ratio of the 
connecting rod to crank of 4°25 to 1. The former method is more 
exact, but a considerable amount of labour is involved, especially 
as the diagram must be constructed for two or more points along 
the shaft in a multi-crank engine with a Class II. shaft, while the 
error involved in the latter method is negligible for all practical 
purposes.’ The equivalent bending moment diagram is drawn 
trom calculated values of the twisting moment on the shaft for 
various crank positions (these may be taken from a twisting 
moment diagram, uncorrected for inertia), and the bending 
moments on the shaft due to the loads upon the pins at the posi- 

twisting moment 
equivalent crank radius 
in the formula for equivalent bending moment and the results 
plotted. If desired, only a portion of the diagram may be drawn 
for the crank angles in the vicinity of 40 degrees from the line of 
stroke. The inertia of the reciprocating parts is neglected because 
the maximum straining actions occur at starting, and when run- 
ning at low speeds with full throttle. In some cases designers find 


1 Readers who desire to see the method «f working employed may refer 
Transactions of the Institution of Naval Architects, Vol. XLIV, pes 


tions considered = ) which are inserted 
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the maximum twisting moment upon the shaft from the mean 


twisting moment b ltiplyi tig Se 
g nt by multiplying by the ratio aan 


twisting 


moment. The mean twisting momentin lbs: inches is obtained 
from 


aoe HP x 33,000 x 12 
mean — InN ¥ 


where 7 is crank radius in inches, and N is the number of revo: 
lutions per minute at which the stated horse-power is developed. 
maximum 
mean 
given on p. 196, where the value of the inertia force at the 
inner dead centre has been taken as equal to 100 lbs. per square 
inch (00703 kilo per mm.?), and the compression pressure as 
75 Ibs. per square inch (0°0527 kilo per mm.?). 

Considering the crankshafts in the two positions indicated 
namely, with the crank on the inner dead centre, and at an angle 
of 40 degrees with the line of stroke, the cylinder operations are 
as shown in tabular form on p. 180. 

For the purpose now being considered the cylinders marked — 
with an asterisk may be entirely neglected, since the pressure act- 
ing on the piston is of such small value in the positions examined. 
It will be seen that, excepting in the six-cylinder engine, the 
maximum straining actions are due to one cylinder only. The 
table may be compiled for other cranks if desired, with the proviso 
that in the case of a six-cylinder engine, the firing crank should 
be after the other cylinder on the power stroke for the bending 
moment data and that the power crank is before the crank on 
the compression stroke for the equivalent bending moment data. 
These will then always represent the maximum straining 
positions. 

The design.of the crankshaft is in four parts, (a) the crankpin, 
(b) the crank webs, (c) the journals, and (d) the couplings. 

108. The Crankpin.—The crankpin is subjected to combined 
bending and twisting, the bending moment due to the load upon 
the piston and the twisting moment from the torque transmitted, 
In determining the bending moment on the pin, it will be assumed 
that flexure takes place from the centres of the bearings. ‘This 
assumption is necessary because in design the maximum strain- 
ing action must be considered, and with the main bearings 

N 2 


_ The ratios of twisting moment for several engines are 
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ordinarily used there is little doubt that they twist sufficiently to 
allow this to take place. If this were not so, there would be a 
high intensity of pressure at the edge of the bearing, probably 
sufficient to cause metallic contact and abrasion, but it is well! 
known that the edges of bearings are seldom more subject to wear 
than are the other parts of the bearing. Where four bolts are 
employed in combination with a long bearing, rigidly constructed 
and well webbed, it may be safe to treat the shaft as a beam with 
fixed ends or as supported at the inner edges of the bearings, but 
not otherwise, It is not considered that the shaft can be regarded 


Fic. 24.—Crankshafts, 


as a continuous beam in any case because of the irregular load- 
ing. At the position of maximum bending moment for Class J. 
shafts, the reactions at the centres of the bearings are each R. 
Let L be the pitch of the bearings. Then the bending moment 

Ris Pl 


at the centre of the pin will be coma (e where P is the total 
load upon the piston. 

For Class IL. shafts, if 1 is the distance between the centres of 
the cranks (Fig. 24), the reaction at the bearing nearest the firing 
P+1) Seg eS any 
ae Nees and at the other bearing aL 8° that 
the bending moment at the centre of the pin of the firing crank 

ab Pie 1) Ge) 22 (be 1) 
will be —9r a ie 


erank will be 
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But in both classes of shafts for six-cylinder engines No. 6 crank 
is transmitting the torque from No. 2 cylinder, so that if P; is the 
pressure on the piston and 7; the equivalent crank radius, the 
torque on the shaft is Py. In the case of a Class I. shaft this is 
transmitted through the crankpin of No. 6 crank and is the 
twisting moment that has to be added to the bending moment 
above; but in the case of a Class II. shaft this torque Py; is 
equivalent to a force F at the crankpin of No. 5 crank which acts © 
through the centre crank web and produces a torque F X <7, 
where 7 is the radius of the crank. But F = = and therefore 


the twisting moment on the pin of No. 6 crank is me ee PA 


= 2Py7;._ It should be noticed that the centre web doubles the 
twisting moment on the pin. 

For the maximum equivalent bending and twisting moment in 
Class I. shafts from the table there is no twisting moment onthe pin 
of No. 1 crank; there isa twisting moment on all the other cranks 
and a twisting moment and a bending moment on No. 4 crank of 
a six-cylinder engine. The bending moment on No.1 crank will 
obviously be less than that at ignition, since there is then a 
greater load on the pin, and may therefore be neglected, as may 
also be the equivalent bending moment to the twisting moment 
on the other cranks excepting that at No. 4 crank of a six- 
cylinder engine. With a pressure in No. 4 cylinder of a six- 
cylinder engine, No. 3 ofa four-cylinder engine, and No.2 of a two- 
cylinder (180°) engine of Ps, the reactions at the bearings are P3 


Pal 


and the bending moment ri The twisting moment is Pg7°, 


where Py» is the pressure in No. 1 cylinder and 79 is the equivalent 
crank radius. Combining these moments by means of the 
formula, the equivalent bending moment may be obtained. 

For a Class Il. shaft the bending moment from No. 1 crank 
will be transmnitted through No. 2 crank, consequently No. 2 crank 
will be subjected to both bending and twisting, which will be ata 
maximum near its junction with the centre web. The twisting 
moment will be 2Pyr, being doubled by transmission through the 
centre crank web. 


The reactions at the front and rear bearings are eth and 
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Ps (L —1 
; SL respectively, and the bending moment at the junction 
of No. 2 pin with the centre web will be - Ps Dee 1) <a + Ls 


where 1, is the length of the crankpin. By substituting these 
moments in the formula for the equivalent bending moment, and 
equating to the moment of resistance of the shaft, the diameter 
may be obtained. The bending momentat No. 4 crank for six- 
cylinder engines and No. 8 crank for four-cylinder engines has been 
neglected in this class of shafts because the straining actions are 
of smaller magnitude at that crank than at Nos. 1 and 2 cranks, 

The following data are employed to illustrate the method of 
working for an engine with cylinders of 100 mm. bore and having 
a stroke of 150 mm. 


Class I. Shaft. Class II. Shaft. 
L 150 mm. 266 mim, 
1 150 mm. 106 mm. 
1, 55 mm. 55 mm. 


In an engine using a compression pressure of 0°056 kilo per 
mm.’, the explosion pressure will be 0°225 kilo mm.? (see Art. 60), 
and if the ratio of connecting rod to crank is 4°25 to 1— 


Pr_ssure. Load on Piston. 
P at ignition . 0°225 kilomm.? | 1,767 kilos. 
P, at 60° before bottom centre 0:036kilomm.2 | 288 kilos. 
P, at 40° after top centre : 0'105kilomm.? | 825 kilos. 
Pz at 80° before top centre. 014 kilomm,? |= 110 kilos. 
7, at 60° before bottom centre | 57°0 mm. 
rg at 40° after top centre Sule COumm. 
7; at 80° before top centre . | 76°0 mm. 


Considering the cranks in the position of maximum bending 
moment, the reactions are 833°5 in Class I. shafts and in Class I, 
shafts 531°5 and 1,285°5 at the front and rear bearings of a six- 
cylinder engine and at the rear and front bearings in two and four- 
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cylinder engines. The bending moment at the centre of No. 1 
crank of two and four and at No.6 crank of six-cylinder engines is for 
Class I. 833°5 X 75 = 62,500 kilos mm. and in Class II. 1,235:5 
x 80 = 99,000 kilosmm. At No. 6 crank of a six-cylinder engine 
there is also the twisting moment 283 X 57 = 16,100 kilos mm, 
for Class I. and 283 x 57 X 2 = 82,200 kilos mm. for Class II. 
Then for Class I. shafts for two and four-cylinder engines— 
Bending moment = 62,500 kilos mm. 
For Class I. shafts of six-cylinder engines— 
B, = 0°35 x 62,500 + 0°65 62,500? + 16,1002 
= 68,800 kilos mm. 
For Class II. shafts for two and four-cylinder engines— 
Bending moment = 99,000 kilos mm. 
For Class II. shafts for six-cylinder engines— 
B, = 0°35 xX 99,000 + 0°65 99,0002 + 32,200? 
= 101,300 kilos mm. 
- The same reasoning may be applied to Nos. 4 and 1 cranks of 
a six-cylinder engine or to any other pair of cranks where the 
crank considered on top centre is after the crank on the power 
stroke and next to the rear bearing in a Class II. shaft. 
For the position of maximum continued bending and twisting 
moment. 
The bending moment for a Class I. shaft is— 
Polyps 110 x aksO 
a A 
The twisting moment is Pyry = 825 x 57 
= 47,000 kilos mm. 
The bending moment for a Class IT. shaft is— 


= 4,120 kilos mm. 


P. (L — 1) & L—1 +1, _ 825 (266 — 106) 
21 2 SO CG 
266 — 106 + 55 


9 = 26,600 kilos mm. 


The twisting moment is 2Pa72 = 2 X 825 x 57 
= 94,000 kilos mm. 
B, for a Class I. shaft— 
B, = 0°85 xX 4,120 + 0°65 /4,120? + 47,0007 
= 32,040 kilos mm. 
B, for a Class II. shaft— 
B, = 0°35 x 26,600 + 0°65 26,600? + 94,0002, 
= 107,300 kilos mm, | 
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Thus, for the particular dimensions assumed, Class I. shafts are 
to be designed for the maximum bending moment and Class II. 
shafts for a maximum equivalent bending moment to the com- 
bined bending and twisting. 

This, in general, will be so, but is not always the case, since it 
depends upon the length of stroke and the pitch of the bearings, 
and, therefore, it is desirable to examine the conditions for every 
design. 

The diameter of the pins (which will be made the same 
throughout) may be found by equating the equivalent bending 
moment to the moment of resistance of the shaft. 

Thus, if steel of 100 kilos per mm. (63°5 tons per square 
inch) is used the permissible stress will be from 10 to 12°5 kilos 
per mm.?, since the factor of safety should not be less than 8 and 
preferably 10. 

It may be observed that the actual factor of safety is in excess 
of that indicated, since the piston friction will reduce the load by 
some 10 per cent., and in determining the actual factor of safety 
regard should be paid to the class of steel—with steel having an 
elastic limit high compared with the ultimate tensile strength 
and a good elongation the lower factor can be quite safely used. 
The stress used may be with advantage reduced in six-cylinder 
shafts so as to avoid the effects produced by tcrsional oscillations. 

Then taking a Class I. shaft of a four-cylinder engine with the 
above data— 


—7 efi 1 
62,500 ay US 39 “ x IC 


d = 40 mm. 
For Class II. shaft 
107,300 = oe ef = a @ Xx 10 
d = 48 mm. 

Now check for bearing pressure. The pressure at ignition is 
1,757 kilos, and it was assumed that the length of the pin was 
55 min., so that the bearing areas will be 2,200 mm.? and 2,640 
mm.? for Classes I. and II. shafts respectively. Hence, the 
intensity of bearing pressure will be 0°8 kilo and 0°66 kilo per 
mm.? for the two classes—the limits of pressure given in Art, 102, 


p- 170, being 0°527 to 1:05 kilos per mm.” 
Note.—The length of the crankpin will not be determined in 
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the arbitrary manner above indicated, but will be chosen so that 
in conjunction with the diameter it provides sufficient bearing 
area and at the same time can be conveniently arranged for in 
the length available, the latter being largely determined by the 
pitch of the cylinders and the number of bearings. A length 
will, however, have to be assumed in the first instance and 
adjusted later. It is desirabie to limit the diameter, since by so 
doing the size of the connecting rod end is reduced; although, 
as the length of the pin decreases, the overall length of the engine 
within certain limits may also be decreased. 


109. The Crankwebs.—The straining actions on the crankwebs 
are not only complex but also in a large measure indeterminate, 
since the manner in which the shaft distorts is somewhat obscure, 
and therefore the principal straining actions only will be 
considered. 

In a Class I. shaft at ignition there is a normal compressive 
load which is distributed between the two webs and a bending 
‘stress at right angles thereto. Ifthe load on the piston is W, 
the webs are b wide along the shaft, h deep, and x is the distance 
between the centre of the web and the centre line of the bearing. 

Then the normal stress is the load divided by twice the sec- 


: : ee 
tional area of webs = The reaction at the bearings is ie 


AD 
Qbh 


and the bending moment on the web aS 
Wapetel 


Be een enya 
and — 6 hb*f 
= 3Wa 
hi —— hb? 
2 NY 3Wa 
so that the total stress = bh + aye" 


If the shaft is transmitting torque from another, as it will be 
if there are more than four cylinders, there is also a torsional 
stress in the web, albeit this will be small in a six-cylinder engine. 

When the crank has turned through an angle of 40 degrees 
from the inner dead centre there is— 

(a) A bending moment on the web due to the torque trans- 

mitted ; 

(b) A normal stress in the web due to the resolved part of the 
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force acting at the crankpin in the direction from the 
pin to the axis of the shaft ; 

(c) A torsional stress in the web due to the force at the pin 

acting at a distance from the axis of the web. 

Let P, be pressure at 40 degrees past top centre, 7 the radius of 
crank, d the diameter of the shaft, and y the distance between 
the centre line of the cylinder and the centre of the web. The 
angle between the connecting rod and the tangent to the crank 
circle is 0, and the resolved part along the crank is P, sin 0, and 
the component tangential to the crank circle (the effective 
pressure for torque at radius 1) is Ps cos 0. 

Then the bending load at the part of the web near the journal 
is Py cos 6 (: = - 


P? cos 6 (r = 5) = 5 beP 
= 3P? cos 0 (2r — d) 
ge bh? ‘ 
The normal stress is sect 
since the resolved part of the load upon the rod is distributed 
equally between the two webs. 
The torque is Poy. 


a hp? 1 

Pa = ore re 
i Poy (8h + 1°8b) 
es hb? : 


This bending and the torsional stress will be augmented if the 
crank is transmitting torque from another cylinder. 

It is clear that the exact determination of the stresses is not 
easy, especially as the standard formule for combined stresses 
are applicable only to circular shafts, and therefore the web is 
designed for the position at ignition and then checked to see that 
the value of the bending and normal stresses at 40 degrees past 
top centre does not exceed 80 per cent. of the permissible stress, 
the other 20 per cent. being an allowance made for the torsional 
’ stress, which is otherwise neglected. — 


1 This formula for the torsional resistance of a rectangular shaft is taken from 
Morley’s ‘‘ Strength of Materials,” 
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Thus, with the data previously employed and the added 
assumption that « is 87 mm. and that b = 04h (say) :—~ 


; ah 176. Go Xe Ole on 
Total stress at ignition = — 7, ae ane = 
_ 1,767 196,187 
I= sit 0161? * 


f should not exceed 10 kilos per mm.? 

Hence, 

8h? — 1,767h — 980,685 = 0. 
h = 50 mm. 
bi -20 mai. 

Checking as stated above for the second position, after noting 
whether the assumed distance x is subject to any appreciable 
error, — Py = 825 kilos, the value of 6 for a connecting rod of 
4:25 cranks is 414 degrees, and taking the diameter of the shaft 
to be the same as that of the pin, 

3 X 825 cos 414° (2 x 75 — 40) , 825 sin 414° 
30 xX 20? TX 20K 50 
= 4°25 kilos, little more than one half of the per- 

missible stress. 

Tt will be observed that the value of h = 50 mm. will 
permit of a good radius at the junction of the pin with the 
web. 

For Class II. Crankshafts the procedure for the outer webs is 
similar to that outlined above, but it should be observed that the 
load on the piston is not equally distributed between the two 
webs, since they are at unequal distances from the point of 
application of the load. It is also desirable to use a slightly 
lower stress in the case of a six-cylinder shaft to allow for the 
torque on the web from, say, No. 3 cylinder if No. 5 is considered, 
or No. 2 cylinder if No. 6 is considered, or No. 1 if No. 4 is 
considered. It will be found that the dimensions of the webs are 
55 mm. by 21 mm. 

The centre web is, however, subject to peculiar twisting and 
bending actions. When Nos. 8 and 4 cranks are transmitting 
power from Nos. 1 and 2 the torque causes an angular strain of 
the shaft, the front web twists relative to the rear web and . 
carries with it the crankpins and centre crank web, thus induc- 
ing a torsional stress in the latter and a bending stress in the 
former. It will also induce a bending stress in the journal the 


Total stress = 
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magnitude of which it is impossible to estimate. At the same 
instant the force acting at the end of the centre web near its 
junction with No. 8 crank is of magnitude T such that ‘Ty is the 
torque, but in transmitting this to No. 4 crank this force T acts 
through a length 27, so that the torque on No. 4 pin is 2Tr (as 
stated previously on p. 182). This causes a bending moment 
on the web near its junction with No. 4 crank and represents, 
with the twisting moment already on the web, the severest condi- 
tions of service. Those conditions, so far as they relate to the 
centre web, also apply when No. 8 crank is producing the torque 
upon the shaft, except that the twisting moment on the web is 
not quite so great, because the force on the piston is applied at 
the centre of the pin, although if may be augmented in the case 
of a six-cylinder shaft at No. 5 crank by the torque from No. 8 
crank. 

The torsional stress is allowed for by designing only for the 
bending moment and using a stress 30 per. cent. lower than that 
in the pin. 

Thus, for the shaft considered previously, the torque is 825 x; 
68, equivalent to a force at the crankpin of — kilos. So 
that the bending moment on the web near its junction with No.4 
pin is exe (150 — 24) kilos mm. 


BBP 8S (150 — 24) = FDI 
But h will be the same as for the outer webs, 55 mm., and /; 
70 


ah = = 7 kilos per mm.?, from which, by 


should not exceed 10 * —— 


substitution, 
b = 26-7 mm., say 27 mm. 


This dimension is measured at right angles to the line through 
the centre of the web—it will be along the axis of the shaft in 
the case of a shaft with a centre web parallel to the two outer 
webs. 

110. Crank Journals.—Crank journals for car engines are most 
frequently designed for bearing area alone, as with solid shafts 
and the limitations imposed by the overall length of the engine, 
provided that the bearing area requirements are satisfied, the 
strength is usually sufficient. For this reason, and in order to 
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reduce the effects produced by torsional oscillation, solid shafts 
are commonly made with journals of the same diameter as 
the pin, sometimes slightly larger. With hollow shafts, how- 
ever, especially if the internal diameter is made very large in 
relation to the external diameter, it is necessary to check for 
strength. 

The permissible bearing pressure varies between 600 and 
§00 lbs. per square inch (0°42 to 0°56 kilo per mm.?), the 
higher limit being used on some forced lubrication engines, 
although in contemporary practice slightly higher and lower 
values are sometimes used. But it is undesirable to employ 
excessive pressures, since engines are thereby handicapped at the 
outset and are unlikely to ever gain a reputation for either 
reliability or durability. The rear bearing of the engine should 
certainly not be so highly loaded on account of the weight of the 
fly-wheel at that end which is continually acting at the bearing, 
and this in some small measure may be said to apply to the front 
bearmg, since the timing gear and pumps are usually driven from 
the shaft at this end. ‘he pressure should therefore be reduced 
to from 500 to 600 lbs. per square inch (0°85 to 0°42 kilo 
per mm.”), and if the rubbing velocity of the journal exceeds 
10 feet per second these pressures should be decreased 
accordingly. 

The load considered is the prezsure on the piston at ignition, 
which in a Class I. crankshaft is distributed equally between the 
two bearings, but in a Class II. shaft the load on each bearing is 
inversely proportional to its distance from the centre of the 
connecting rod, that is the point of application of the load; the 
most highly loaded bearing is, therefore, that fee to the firing 
cylinder. 

In checking the dimensions at the journals for strength with 
hollow shafts, it is sufficient to consider the conditions existing 
when the power crank is at an angle of 40 degrees from the inner 
dead point (the rear crank of any pair will be the power crank in 
a Class II. shaft). The crank journal is then subject to a bending 
moment from the load on the crank and a twisting moment due 
to the torque transmitted, the maximum straining effect being 
produced near the junction of the journal with the web. Let R 
be the reaction at the centre of the rear bearing (since the torque 
is transmitted through this bearing) due to the load Pz on the 
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crank and 72 be the equivalent crank radius. Then if 1, is the 
distance between the centre of the rear bearing and the rear side 
of the web (= half length of journal) — 
Twisting moment = Pg; 
Bending moment = Rely: 
By substituting these in the formula for the equivalent bending 
moment and equating the result to the moment of resistance of 


T 4 = 4 
the shaft = 39 tees the values of D and Dj; the external 


and internal diameters respectively inay be determined. Tt will 
facilitate the working if a ratio be assumed at first between D 
and D; and then adjusted as necessary when the value of D is 
ascertained: 

111. The Coupling.—The coupling itself does not lend itself to 
great variations in design but simply consists of a flange solid 
with the shaft through which holes are drilled for the attach- 
ment of the fly-wheel. The shaft should be thickened up 
between the flange and the engine so as to give stiffness and 
thus prevent flexure through imperfect clutch contact or other 
cause: The diameter of the coupling is not important so long 
as there is ample room for the boltheads to seat well, but it 
will generally be found that the design of clutch adopted limits 
the smallest and sometimes the largest pitch circle of the 
bolts that can be conveniently employed, and consequently the 
overall diameter of coupling. Care should be taken to ensure 
that there is sufficient clearance for the boltheads, and that the 
bolts can be readily removed without disturbing the shafts. The 
thickness of the coupling should be made about one-fourth of the 
diameter of the shaft. 

But the construction of the end of the shaft will depend, to 
some extent, upon the clutch design. With the cone clutch, with 
or without central springs, it will be found desirable to extend 
the shaft so that it may carry the moving member and keep 
- it in a central position and render the clutch self-contained. If 
the multiple disc type is adopted it is possible to end the shaft 
immediately after the coupling, the alignment of the clutch 
being maintained by mounting the parts on a collar formed 
upon the shaft or upon the fly-wheel itself or by providing a 
bushed or ball-bearing in which the end of the clutch shaft may 
rotate. In all cases, however, it is generally preferable to extend 
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the shaft, as it gives a more simple and less troublesome 
construction. 

The bolts for the purpose of attaching the fly-wheel, etc., are 
designed for shear, and the factor of safety allowed is from 10 to 
12. They are usually made of a lower grade of steel than that 


used for the shaft. 
The twisting moment on the shaft is 


B.HE. x 98,000 X 12 _ p inch Ibs. = T Xx 11°5 kilos mm. 


onN 
The torque at a radius + inches = 2 lbs. and at r mm. = 
FNS ites 
; 

Let n = number of bolts. Then the shearing force on each 

bolt = af lbs. or —— kilos, so that if the permissible stress 
he 7 
in lbs. per square inch or ee per mm.” is f, the cross- . 
Texel 
sectional area of each bolt is ——- square inches or 
7 Se 


mm.*, from which the diameter of the bolts may be obtained. 
"This diameter is the actual size of bolt and not at the root of the 
thread, since the full sectional area of the bolt is subject to 
shear. The value of 7 in either inches or millimétres is the 
radius of the pitch circle of the bolts and must be such as can be 
conveniently arranged for. It is hardly necessary to add that 
the nuts should be well secured, and preferably castle nuts should 
be employed on account of their enclosed position. 

112. Torsional Rigidity—In most engine problems it is cus- 
tomary to assume that the crankshaft rotates at a uniform angular 
velocity, but owing to the impulsive character of the load and 
the elastic nature of the material between the engine and the 
road wheels, the actual speed is by no means constant ; while the 
elasticity of the shaft itself permits of local fluctuation in the 
angular speed at the various cranks, that is, there is a varying 
angular strain of the shaft. 

Further, the load upon the piston causes the shaft to deflect, 
so that the centre line of the shaft no longer coincides with the 
axis of rotation. There may also be a shortening up or 
lengthening of the shaft when the crank webs are twisted and 
the crankpin bent in transmitting torque. It will be observed 
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that these strains are periodic since the forces producing them 
occur at regular intervals of time, and that they are (1) a tor- 
sional strain (2) a transverse strain, and (3) a longitudinal 
strain. But when an elastic material is strained in any manner 
within the elastic limit and the restraining force is removed it 
wil perform an angular, a transverse or a longitudinal vibration 
according to the manner in which it is loaded, exactly the same asa 
coiled, a flat or a helical spring, although the analogy must not 
be taken beyond the motion imparted to the springs, so that it 
will be immediately deflected in the opposite direction and then 
back again, the oscillations continuing until damped out by the 
internal or external frictional resistances. These vibrations are 
termed free or natural vibrations of the shaft, and have each a 
periodic time, that is, a certain time is taken to execute each 
movement which for a simple straight shaft can be readily 
calculated. It is known that the strain varies as the stress, 
therefore if the strain is increased, the stress will be increased in 
like proportion. 

Now imagine that while the shaft is executing a movement 
another force is impressed upon it, so that it causes a strain 
in the same direction as that which is taking place due to the 
natural vibration of the shaft. It will be clear that any such 
force will have the effect of increasing the magnitude of the 
strain of the material and, therefore, of the stress induced in it. 
Such a vibration is then termed a forced vibration, and if the 
new force is periodic and the times at which it is applied to the 
shaft coincide with the time of vibration or with m_..ltiples 
thereof, the effect will be to augment the sirain and consequently 
the stresses and thus necessitate the employment of stresses 
below those permissible with other methods of loading. 

In general, it may be said that with the speed of revolutions 
now used the transverse and longitudinal strains may be 
neglected in crankshafts and the torsional strain also in all 
excepting six-cylinder shafts or those having a higher number of 
cranks. In six-cylinder shafts, however, this condition of reso- 
nance is often experienced and makes itself evident by the 
excessive vibration of the engine, but may be eliminated by the 
use of sufficiently low stresses in the design which will give a 
larger diameter and consequently a greater moment of inertia. 
The vibration and noise result in a six-cylinder engine from 

M.C.E, 0 
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three causes, the first being that when considering the balance 
of the engine it is assumed that the cranks are disposed about 
the axis of rotation in a certain manner—that they are arranged 
in pairs, 1 and 6, 2 and 5 and 3 and 4 being, on the same centre, 
and that there are 120 degrees between each pair of cranks—and 
any deviation from such an arrangement will not form a balanced 
system.’ Secondly, the angular velocity of all the cranks must 
be the same, otherwise the centrifugal force produced by them 
and their attached masses will vary. Thirdly, the distortion of 
the shaft causes a variation in the timing of the valves and of 
the ignition, so that this also will conduce to irregular exp!osions 
and an unequal distribution of power. 

It is not proposed to investigate the conditions which exist 
in the shaft as such procedure would of necessity be of an 
elaborate and complex nature; it would also be of a very 
approximate character since the straining actions on the shaft 
are very involved and the results obtained would rest largely for 
their correctness upon the validity of the assumptions made. 
Readers are therefore referred to text-books’ dealing with the 
subject and to papers? read before the various institutions and 
societies. 

118. Fly-wheel.—Fly-wheels are made either of cast iron or cast 
steel, the latter being used especially on very fast-running 
engines or for fly-wheels of large diameter. They should always 
be bolted and not keyed to the crankshafts to which they are 
attached, because the see-saw effect referred to in Vol. I., Art. 22, 
soon disturbs the fit of keys and causes a ‘“‘ knock” in the 
engine. The construction adopted will be to a large extent 
determined by the clutch employed, that is, whether a disc or a 
cone clutch. If the fly-wheel acts as a fan for drawing air 
through the radiator, blades may be fitted to the periphery of 
the wheel, or the wheel spokes may act as fan blades. The 
latter is somewhat less costly but tends to limit the clutch 
dimensions while the former restricts the outside diameter of the 
fly-wheel. 

The resistance offered to the passage of the car is fairly con- 
stant over a limited period, but the crank effort varies consider- 

Morley’s ‘‘ Strength of Materials.” 


2 Transactions of Institution of Naval Architects, Vol. XLIV.; Proceedings 
of the Institution of Civil Engineers, ? 
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ably as will be seen on reference to Table XIV., so that at times 
the energy is in excess of that which is required to propel the 
car at the desired speed and at others it falls below it. This 
variation in crank effort is due to two causes—the wide limits of 
pressure in the cylinder and the variation in the effective crank 
radius. The motion of any mass unacted upon by any outside 
force is one of uniform velocity, but the motion of the recipro- 
cating parts is subject to great changes in speed, and this is 
possible, without shock, because of their small mass. The force 
required to produce these changes in velocity is, however, 
accounted for by correcting the indicator diagram for inertia, and 
may therefore be neglected for the purposes under consideration. 
The crankshaft and other rotating parts have little inertia to 
resist changes in velocity and therefore it is necessary to add 
some rotating body to the shaft having a large moment of 
inertia that will prevent those rapid changes in velocity and the 
accompanying high stresses in the mechanism in and between 
the engine and the road wheels, due to the attempted rapid 
acceleration and deceleration of the parts and which it is difficult 
to produce without excessive wear on the tyres, etc., because of 
the mass of the car itself. Hence the fly-wheel serves a double 
purpose, namely, the storing up and restoring of energy as and 
when required and the removal of shock, wear and high stresses 
upon the engine and transmission. It may also be said to be of 
service in assisting in the smooth running of the engine when 
letting in the clutch, especially if this is done at all jerkily. It 
will be clear that the weight of fly-wheel required for any engine 
will depend upon the magnitude of the excess of energy over the 
mean, and will consequently be greater for a single-cylinder 
engine than for a six-cylinder engine, and it may be added that 
the fly-wheel is of greatest service for eliminating shocks and 
vibration at low speeds because of the assistance given by the car 
itself at high speeds. It is, however, usual to design for normal 
speed at full power. The table on p. 196 is therefore appended, 
and in compiling same the inertia pressure on the inner dead 
centre has been taken as equivalent to 100 lbs. per square inch 
(00708 kilo. per mm.?), and the compression pressure as 75 lbs. 
per square inch (0°0527 kilo. per mm.”). 

The overall diameter of the fly-wheel is limited only by the 


space available between the side frames, but it will be generally 
o 2 
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found to be desirable to allow ample clearance for taking out the 


engine. 
TABLE XIV. 


Ratio oF Maximum to Mean Crank Errort aNnp oF Excess 
Enercy to Mean ENerey. 


: Ratio of Maximum to | Ratio of Excess Energy to Mean 
Number of Cylinders. | Mean Crank Effort. Energy per Revolution. 
1 11:5 3-6 
os 1602 5:8 14 
2 — 360° ot 1°42 
3 4°8 el! 
4 2°78 3 
6 1°85 ste) 
8 1°58 it 


The maximum peripheral velocity with cast iron should pre- 
ferably not exceed 80 ft. per second although 100 ft. per second 
is sometimes used. With cast steel 120 ft. per second can be 
safely employed. These are not dependent upon the section of 
the rim as may be seen from the following :— 


> The radial centrifugal force per unit length of rim is = oy 


where W is the weight of unit length of rim; , the angular 
velocity per second and 7, the mean radius of the rim in feet. 
The resultant centrifugal force of the semicircular are of the rim 


ve 


is wer Xx 2r and bursting is resisted by a section 2A, so that 


the stress induced is * wr X Ar + 2A but W = Aw where w = 


the weight of a bar of the metal 1 in. square and 1 ft. 

long. 

: a an " 
Hence the stress = oe 


wey? 


: = Ibs. per sq. in. 


an expression in which me section of the rim is not considered. 
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From the construction commonly employed, whereby the rim 
is attached to the boss by a plate web, there are no bending 
stresses of any magnitude induced in the rim by the centrifugal 
force and even with fly-wheels fitted with fan spokes, the latter 
are usually arranged so close together (about 7 or 8 being 
employed) that these stresses may be almost neglected. The 
plate web should not be made unduly thin, not less than ae 
0°5 in. (12°5 mm.) otherwise there may be some “ whip ” 
the wheel. 

In calculating the proportions of the wheel it is usual to 
neglect the webs, spokes, boss, shaft, etc., since they have but 
small amount of inertia compared with that of the wheel itself. 
The permissible fluctuation in speed varies with different designers, 
so that no hard and fast rule can be given, but if it be taken as 
3 per cent. at normal engine speed for four- or six-cylinder engines, 
and 5 per cent. for one- or two-cylinder engines very good results 
may be anticipated. 


114. Determination of Size of Fly-wheel.—The energy stored up 
by a fly-wheel in changing from an angular velocity of w; to wg is 
Wi?- 
oe 2g a 
where W is the total weight of metal in the rim and k is the 
radius of gyration in feet. If the B.H.P. of an engine is H at N 
revolutions per minute, the ratio of excess energy over mean 
energy is A, A is the fluctuation in speed per cent. 
Energy to be stored up by fly-wheel = AH X 33,000. Per- 


(5 OV owe wo?) 


: seek - Bn re teen 
missible increase in speed is 300 N since the fluctuation is dis- 


tributed one half above and the other half below the mean speed, 
OonN en Zs 5 
60 200 


so that o, = 27% radians per second and wy = 


radians per second. 

Then, assuming a convenient radius of gyration, havirg regard 
to the type and size of clutch and the distance between the side 
frames, all the quantities are known excepting W, and this may 
be calculated. 


Example :—F¥ind the proportions of a fly-wheel for a four-cylinder 
engine of 30 B.H.P. at 1,200 revolutions. 
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From Table XIV. the value of A is 0°8, hence the energy to be absorbed 
0°3 x 30 x 33,000 


per revolution is 1,200 = 247°5 ft. lbs, 
2 2 
oO, = hae = 125-66 radians per second 
2 7 1,200 (200 + 3 Dh ae : 
Wo = 60 ( 200 = 127'55 radians per second. 
Assuming a radius of gyration of 8 in. = 0°667 ft. 
Wx 06677 
: 97-552 — 125-662 
247°5 = 030 322 (127°55 125°66?) 
W = 75°5 lbs. 


The radius of gyration of a circular ring of metal of rectangular 
section is ¥4 (D2? + d?). 

Assuming that the fly-wheel ring has such a section and that d is 
3 in. less than D, ¥ 4 (D? + d?) becomes Vit (2D? — 6D + 9). 

Therefore 8 = 1 (2D? — 6D + 9) 

D = 17°42 say 17°5 in. 
d = 14°42 say 14°5 in. 

It will be seen that the error involved by assuming that the radius of 
gyration is the mean of the internal and external diameters would be 
quite negligible. 

The weight of the rim is to be 75:5 lbs. and therefore its volume 


75°5 
0-27 cubic inches (if the weight of a cubic inch of metal is 
0:27 lb.) = 279 cubic inches. 


The volume of the rim is 7 (17:52 — 14°52) 6, where 6 is the breadth 


must be 


of therim. ~ 


Therefore | (17-52 — 145%) b = 279, 
b= 3-7 in. 


CHAPTER X 
THE BALANCING OF ENGINES 


Tux investigation of problems in connection with the balancing 
of engines, especially of those in which the construction employed 
differs from that usually met with, affords one of the most 
interesting studies in engine Sasi and in this chapter the 
general principles iivaived: will be considered. 

It should be observed, however, that in the petrol engine, the 
placing of the cranks or the disposition of the cylinders is deter- 
mined largely by the desire for the regularity of the impulses 
given to and the uniformity of torque on the crankshaft, and this 
accounts for the symmetrical arrangements which are so common. 
But when these are satisfied there still remains the question of 
the balance of the engine, which must receive ae most careful 
attention. 

115. Importance of a Good Balance.—Too much importance 
cannot be attributed, nor can too much care be bestowed on a 
design to ensure that the engine shall be as nearly perfect in 
balance as possible, for the presence of any unbalanced part in a 

high-speed engine soon becomes apparent, owing to the excessive 
vibration produced thereby. This is especially so as regards the 
motor-car engin’, for it not only runs at high speed but it is also 
mounted on an extremely sensitive framing, and the inertia forces 
increase in magnitude as the square of the speed. Largely from 
this cause the advent of a practicable internal combustion turbine 
would be welcomed, although it must be admitted that many cars 
are now fitted with engines which leave little to be desired in this 
respect. In the perfectly-balanced engine there is no dis- 
tributing force acting on the frame tending to displace it on its 
base. 

In balancing an engine, the forces set up by the neeareation 
and retardation of the moving parts are either entirely eliminated 
or reduced in magnitude by— 

(a) Adopting such a construction or an arrangement that they 

are self-balancing. 


200 MOTOR CAR ENGINEERING 


(b) Adding moving masses such that their mode of motion 
produces forces which oppose and counteract those set 
up by the engine. 

(c) Adding rotating masses. 

(a) and (b) will permit a perfect balance to be obtained, but (c) 
only gives a partial balance, as will be seen later. 

In reciprocating engines the moving parts are composed of 
those having— 

I. Rotating motion. 

II. Reciprocating motion. 

The balancing of rotating parts presents no great difficulty 
and may be effected by the addition of other rotating masses, 
but the balancing of reciprocating masses can only be com- 
pletely performed by the introduction of other reciprocating 
masses, and this it is not always desirable or convenient to do. 

It will be obvious that the lighter the masses which have to be 
considered, the less will be the magnitude of the forces which react 
upon the frame, and hence the reduction of weight is desirable, 
because it not only reduces the load on the tyres, but diminishes 
vibration also, should there be any unbalanced part. 

The reader should notice: in the subsequent working that eo 
conditions are fulfilled by the perfectly-balanced engine ; namely, 
that there is no resultant foree and no resultant couple, and that 
as the magnitude of the forces and couples is. reduced, so is also 
the vibration to which they give rise. — 


Tue Bauance or Rion Massss. 


116, To balance a Single Rotating Mass by another Rotating 
Mass.—If a mass M at a radius 7 is rotating at an angular. speed 
of @ radians per second, the centrifugal force produced by it is 
Mo’r and its direction will vary from instant to instant as. the 
shaft rotates, but always along a radius from the axis of rotation 
to the centre of the mass. The effect of this force is to tend to 
displace the shaft in the direction of action, and in so coe cause 
a pressure between the shaft and its bearing. 

To balance this force it is necessary to introduce an equal 
and opposite force by adding a mass Mj, at a radius 1 in the 
same plane of rotation, but on the opposite side of the shaft 
(see Fig. 25). The line AB indicates the instantaneous direction 
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of action and, by choosing some suitable scale, its magnitude 
also. Clearly it must be balanced by the force represented by 
the line CD. 

The vectors representing forces should be drawn parallel to 
the crank to which they refer and in a direction outwards from 
the centre of the shaft. 

Tt will generally be found convenient to omit the angular 
speed of the shaft w from all calcula- 
tions since it is common to all the 
quantities considered, but where other- 
wise is the case it will be indicated 
in the text. It is also always assumed 
that the angular speed of the shaft is 
uniform. 

Further, in many cases it is desirable 
to reduce all masses forming the system 
to a common. radius, as then the radiug’ 
can be neglected. To find the mass 
equivalent of a mass M, at a radius 
7, if 12 18 the new radius and the equivalent is Ma, 

Mo: 2 = Myr aL 
so that Uae oS Mie 


i) 


Example :—To find what mass at a radius 14 ft. is equivalent to a 
mass of 8 lbs. at 13 ft. ; : 
ak = Wb, 
Moog 8 xk 

NOLS 


117: To -balance Two or more Co-planar Rotating Masses.— 
Referring to Fig. 26 where the co-planar masses M, Mj, Mp, 
M;,..+. are placed at a radii 7, 71, 72, 7%, ... and are rotating with 
-ari angular velocity of » radians per second. 

The centrifugal force produced = Mw? ++ Myo? + Mow?re 
+ Msw?ss +>. 
= wo? (Mr + Mary + Mor i Mgrs +. 
For complete balance the resultant centrifugal foree must = 0 

But w? is not zero. 

Therefore Mr + My + Mary + Moargr +... = 0, ve. the force 
polygon imust close. 
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Draw the force polygon ABCDEA. The balancing force 
My, is the closing line AE and its direction is as shown. By 
selecting some convenient dimension for r the mass required to 
balance the system is found. Should the force polygon close, 
without the addition of the vector AE, that is, if A coincides 
with the point EH, the system will be in equilibrium and not 
require any balancing mass. ~ 

Care should be observed in setting out the polygon that the 
forces are directed the same way round as indicated by the 
arrowheads in the drawing. 

118. Reference Plane.—In Arts. 116 and 117 the two systems 
considered were co-planar, that is, all the masses were in the 


Fic. 26. 


same plane of rotation. But if the masses are placed in separate 
planes of rotation, a couple may be introduced which will tend 
to turn the shaft in a plane through its axis. 

A plane of reference drawn perpendicular to the axis of the 
shaft is therefore used, to which all forces are referred when 
dealing with balancing problems. 

It should be observed that the position in the length of the 
shaft at which the reference plane is situated, is quite im- 
material, but it is usual to select some plane in which a balancing 
mass, if required, may be conveniently fixed. When, however, 
the working has been completed and the parts balanced, another 
reference plane should be taken and the couple polygon again 
constructed. If the polygon does not again close when the effect 
of the balancing mass is considered some error has been made in 
the working. Usually, errors are traceable to the non-parallelism 
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of the vectors, and occasionally to the lack of definition of their 
points of intersection, but they may also arise from a mistake 
in the direction in which they act. Where the position of 
the reference plane is selected so that all the masses lie on one 
side of it the vectors, representing couples, should all be drawn 
from the axis of the shaft outwards towards the mass, but if 
some of the masses lie to the right of the reference plane and 
the remainder to the left, the direction of rotation of a couple 
will be affected by its position relative to the reference plane. 
All vectors representing couples lying to the left of the plane of 
reference should therefore be drawn from the axis of the shaft 
outwards towards the crank, and for those on the right hand side 
in a reverse direction. my 

The force polygon, it should be noted, remains unaffected by 
changes in the position of the reference plane. 

Place equal masses M and M;, at radii 7 and 7, in planes A 
and B. Let the masses be diametrically opposed and let the 
distance between the planes in which they are placed be a. 

There will be no unbalanced force, but there are two equal and 
opposite forces acting at the extremities of an arm and forming 
a couple, tending to rotate the masses in the plane, and for 
balance, there must be no unbalanced couple. 

If there are masses M, Mi, Mo... at radii 7, 71, 7o,. . ., ata 
- distance a, b, c, . . . from a reference plane, all rotating with 
angular velocity » radians per second then for balance the 
vectors— 

(Mo27a + Myw2rb + Mow*rc +...) =O 
o?(M +act Mid + Morac +... A) ==() 

But ? is not zero. 

Mra + My) + Moree i 0 

i.e., the vector polygon must close. 


119. To balance a Single Rotating Mass by Means of Two Separate 
Masses which are not in the same Plane of Revolution.—Let the 
mass M be at a radius 7 (Fig. 27). To balance this mass by two 
separate masses Mj, Mz at radii 71, 7 respectively in planes to 
the right and left of the given plane.and distant @ and b from it. 

Draw the vector AB. It is clear that the balancing masses 
must produce a total force equal and opposite to AB, that is, CD. 
Therefore M7 = My + Mere = CK + ED. 
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But there is a further condition to be fulfilled as there must 
be no resultant couple. Take a plane of reference, through M4. 
Then Mra—Mor.b = 0. 

The position of the planes in the length of the shaft in which 
the balancing masses are to be disposed will be known or may 
be selected by considerations of convenience, as will also the 
radii at which they are to be placed. So M,7, a, 2, and b will be 
known and hence M, may be obtained. In a somewhat similar 
manner, by taking a reference plane through M, the balancing 
mass M at a radius 7 may be found. These should satisfy the 
equation given above, namely that Mr = Myr + Mr. . 


16s Pfs 5 


Example :—Two balance masses are to be placed at radii of 6 in, 
and 5. in. respectively in planes 3 in. and 3} in. to the right and 
left a mass of 6 lbs. at a radius of 4 in. Find the weieht-of the 
balancing masses. ie as ere 


Take moments about the plane through the right hand’ mass. 


Mra = M,r,6 , 
6x 4x3 = Myx 5-x 64 
14 
Mee r= alibse 
: gs LPs 


Take moments about the plane through the left hand mass. 
Mr(6—a) = M,r,2 


Ox 4x 3h Mi xO. 6 


Nip ioy Sout 
13 
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For balance there must be no resultant force. 
Myr, + Mor, = Mr 


Mir, + Myr, = (2 y5 x 6) + gs X 5) 
12 1 
12 
eee 


4 Oe 4 
c= Wile, 

The graphical method may be adopted by substituting the numerical 
values obtained above in the vector diagrams. g 

Tt should be noted that if the balancing masses are at the same radius 
and are placed in planes equally distant from the balanced mass, as, for 
example, in a bicycle engine, with enclosed fly-wheels, Mv = 2M,7. 
Further that a single mass cannot be balanced by one other mass not 
in the same plane because of the unbalanced couple. 

By a similar method of working it is clear that two masses M,, M, at 
radii 7, 7 respectively and in the same plane through tle axis of 
the shaft may be balanced by the single mass M at radius 7, Also the 
mass M, may regarded as balanced by the masses M and M,. 


13 


120. To balance a Number of Rotating Masses which are not Co- 
planar.—Let the masses be M, Mj, M2, at radii 7, 71, 7. 

If A and B are the two planes of reference in which the two 
balancing masses are to be placed if required. Using the lettering 
shown in Fig. 28 and taking moments about the plane A. | 

Moment of foree Mr = Mre 
My = M,71b 
Mor, = Mia 
BA »» M,r, in plane B = M,7,d. 

Draw couple polygon, ABCDA making AB = Mre, Be = 
Mir), CD = Mra. The closing line DA indicates the magni- 
tude and direction of the force M,7, in plane B, so DA = M,7,d. 
The value of.d is known, as is also the radius 7, at which the 
balance mass can conveniently be placed, hence M, can be found. 

Next draw the force diagram PQRST for Mr, Mir, More and 
M,7, making PQ = Mr, QR = Myr, BS = Miry ST = Mors. 
The closing line TP is the magnitude and direction of the force 
M,7, produced by mass at a radius 7, in plane A. Whence if r 
is known M, can be calculated. 

Now check the working by drawing the couple polygon, by 
taking moments about the plane, B, and using the values 


9) 99 


9? ” 


206 MOTOR CAR ENGINEERING 


cbtained for M,r, from the preceding working. The couple 
polygon should close. 


Example :—Find what masses at a radius of 5 in. are required in 
planes 4 in. to the left and right of the two end cranks of a three- 
cylinder engine with cranks at 120 degrees and 6 in. apart to balance 
rotating masses of 5 lbs. at each crank. Tadius of crank 5 in. 
(Fig. 29). 


Fig. 28. 


Take moments about A, neglecting the radius, since r = 5 in. is 
common, 
Moment of P=5 x 4 = 20 lbs. ins. 
” 5 hy a SE NO SS BO) Mas, aia 
4 oe R= 5 X16 =] 60 Ibs, ins: 
» » B=Mx 20. = 20M Ibs. ins: 


Draw a, couple polygon CDEFC—the closing line FC is the magni- 


tude and direction of the couple 20M, from which M = ee 
2°5751 lbs. 

Next draw the force polygon GHKL making GH, HK and KG, equal 
to 5 lbs, and GJu equal to 2°575 Ibs. and parallel to the direction of the 
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forces which they represent. It will be seen that the figure closes at G, 
and hence the system had no unbalanced force prior to the addition of 
the mass in plane B. The latter is therefore for the balance of the 
couples and must be opposed by a force acting in the direction from L 
to G, that is, a mass of 2°575 Ibs. must be placed in plane A in the 
position indicated to preserve rotational balance. 

Take the moments about a new reference plane through P (say) 


Moment of Q= 5x 6 = 30 
Pr ee tune eri ee 60 
eee, SOV OIG, = A 18 
a oS See A ee 3 


412 
B 


Fic. 29. 


Draw a couple polygon for these values, noting carefully the direction 
of A. It will be found that the figure closes, and therefore there is no 
resultant couple. 


Tur Bauancine oF Recrprocatinc Masses. 


121. Primary Balancing.—So far, the balancing of rotating 
masses has received attention, but there are in addition the. 
reciprocating masses, and these will now be considered. 

In the first place it will be assumed that the reciprocating 
parts have simple harmonic action which is the mode of motion 
of a piston having an infinitely long connecting rod. This is 
termed “ primary balancing,” and takes account of the primary 
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forces and primary couples only, neglecting the effect of the 
connecting rod. &¢, 

It may here be desirable to correct an impression which is 
sometimes held, that the variation in the pressure within the 
cylinder causes a reaction on the engine frame and thus pro- 
duces engine vibration. If the total pressure on the piston is P 
and the moving parts are assumed to be without mass, so that no 
force is required to produce acceleration, the force P acting 
through the connecting rod transmits a force of equal magnitude 
to the crankshaft bearings, tending to displace them in the 
direction in which the piston moves. 

The total pressure P within the cylinder also causes a thrust 
on the cylinder head in the opposite direction to the motion of 
the piston which is transmitted through the cylinder casting and 
framing, and opposes the forceacting along the connecting rod to the 
crankshaft bearings. Hence, the pressure acting within the cylinder 
produces no vibration of the engine upon its base. There is, how- 
ever, a small oscillation of the engine and chassis frame upon the 
_ springs and about the axis of the crankshaft due to the variation of 
torque, but its analysis is somewhat difficult, if it is not altogether 
impossible, of exact solution. Its magnitude will obviously 
decrease as the uniformity of torque increases, that is as the 
number of impulses increase, but it is comparatively unimportant 
except when the period of oscillation synchronises with the 
natural period of the frame and the parts attached thereto upon 
the springs. 

But as the reciprocating parts have mass, some force is 
required to accelerate and retard them, and this must be supplied 
by the pressure acting upon the piston. For the first half of the 
stroke the parts are accelerated, and for the second half decele- 
rated, therefore during the first half stroke the pressure on the 
piston transmitted to the crank will be diminished by an amount 
equal to that necessary to accelerate the parts, while in the 
second half it will be increased by that given out by their 
retardation. « 

Since, however, the thrust on the cylinder head will always be 
that due to the pressure within the cylinder alone during the 
first half of the stroke there will be an unbalanced force tending 
to displace the engine outwards from the crank and on the latter 
half of the stroke, towards the crankshaft, resulting in the 
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vibration of the engine on its supports in unison with the 
movement of the piston, but in an opposite direction. 

122. Primary Balance of a Single-Cylinder Engine-—Assuming 
simple harmonic motion, the instantaneous force required to 
accelerate the reciprocating parts is Mw? cos @ where M is the 
mass, » the angular velocity in radians per second, 7 the radius 
of the crank in feet and @ is the angle through which the crank 
has turned from the inner dead centre. The expression will be 
negative, when the value of cos @ is negative. 

Let the reciprocating masses be transferred to the crankpin. 
Then the projection of the motion of the rotating masses on any 
fixed axis, as the line of stroke, is simply harmonic. The centri- 
fugal force produced by the rotation of these measures is Mo?/, 
which, on being resolved in the line of stroke and at right angles 
to if in the plane of rotation, gives Mw?r cos @ in the first direc- 
tion and Mw? sin @ in the second. If, therefore, a mass is 
added to the shaft to balance the mass of reciprocating parts 
assumed to be concentrated at the crankpin, the parts will be 
balanced in the line of stroke, but an unbalanced force will be 
introduced having a magnitude of Me’, sin @ in a direction at 
right angles to the plane of reciprocation. This new force will 
undergo similar changes in value to that which the force required 
to accelerate the reciprocating parts was subject, its direction 
only being altered, and although permissible in many classes of 
work, it is not desirable in automobile engines. , 

Therefore, where complete primary balance cannot be effected, 
instead of fully balancing the reciprocating masses in the line of 
stroke, they are generally only half-balanced, that is, oniy one 
half of the reciprocating masses are transferred to the crankpin 
and balanced. 

From the preceding it should be clear that it is not possible to 
completely balance reciprocating masses by rotating masses, and 
the importance of keeping down the weight of the reciprocating 
parts to the minimum consistent with good design should be 
readily apparent. 

The methods employed in balancing the reciprocating masses 
when transferred to the crankpin as imaginary rotating masses 
will be as have already been indicated in Arts. 116 to 120. 

Example-—¥ind the magnitude of the instantaneous unbalanced 
force, when the crank of a single-cylinder engine, running at 1,200 

M.C.E. P 
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revolutions per minute, makes an angle of 60 degrees with the line of 
stroke, if the engine is fully balanced for primary forecs, Weight of 
reciprocating parts 3 lbs. and radius of crank 2} ins. 


Force = Mw?r sin 6 


Shh (800 So Day? eke 
= 35.0 * “30 aX 13 * 866 
= 266 lbs. 


123. Primary Balancing an Engine with more than one Cylinder.— 
It has been seen that the force required to accelerate reciprocating 
masses moving with simple 
harmonic motion is Mor 
cos @. 

This is also the component 
of the centrifugal force of the 
reciprocating masses in the 
plane of reciprocation when 
transferred to their crank- 
pins, and therefore the 
resultant effect upon the 
frame of a system of 
reciprocating masses is the 
summation of the com- 
ponents of the centrifugal 
forces of the reciprocating 

Bic. 30, masses when transferred to 
the crankpins. 

Case 1. When system is Signed for rotating forces and couples.— 
Suppose a system of reciprocating masses M, My, Mo, Ms are 
connected to the crankshaft shown in Fig. 30, and are all ata 
radius ». With the masses, angles and dimensions given the 
system is balanced for rotating forces and rotating couples. 
Draw the force polygon PQRS and a line parallel to the plane of 
reciprocation AB. , 

Project the points P, Q, R, S on to MN. 

Then a, a, a2, a3, are the respective components of the cen- 
trifugal forces in the plane of reciprocation AB, their direction 
being as indicated, and since a + a;— ay + a3 = 0 the effect of 
es forces in this plane is also zero. 

Similarly, if another line be drawn at right angles to the line 


THE BALANCING OF ENGINES 211 


MN, the summation of the projections from the points P, Q, R 
and § on to it will again be zero. 

If the cranks are rotated the force polygon will still close, 
although the magnitude of the components a, a, a2 and ag will 
vary, and therefore in any | osition of the crankshaft there will 
be no unbalanced primary force. 

In a similar manner, and for similar reasons, if the couple 
polygon is drawn and is found to close, there will be no primary 
couple unbalanced. 

Case 2. When system is not balanced for rotating forces and 
couples.—It will have been observed that the system considered 
was already balanced 
for revolving forces 
and couples, and 
although this is the 
case in many auto- 
mobile engines, it is 
obviously not always 
80. 

’ As an example, con- 
sider a_ two - crank 
engine with cranks at 
180 degrees (Fig. 31). 
Let the weight of the 
reciprocating parts be 
4 lbs. per cylinder, radius of crank 3 in., distance between 
centre line of cylinders 6 in., and assume that the engine speed 
is 1,200 revolutions per minute. 

Transfer the mass of the reciprocating parts to the crankpin 
and draw force diagram. It will be seen (Fig. 25) that diagram 
closes as the force from mass at A acts in the opposite direction 
and is of equal magnitude to that from the mass at B, and hence 
there is no unbalanced force. 

Next take a reference plane through one of the cranks, say 
at A, and construct couple diagram. This shows that the couple 
of 245 lbs. ft. is unbalanced, so that to fully balance it a mass 
must be introduced which will produce a couple of 245 lbs. ft. 
in the opposite direction to that from the mass at B when rotating 
at 1,200 revolutions per minute. 

Hence, the equivalent of a mass of 6 lbs. at a radius of 3 in. 

P 2 


4 lbs 4 'bs 


A 
Fic. 31. 
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may be placed in the plane of rotation of B, or be suitably dis- 
posed on the two sides of it (see Art. 119) and on the opposite 
side of the shaft to the balanced mass. 

By taking another reference plane through B it will be found 
to be necessary to add an equal mass in a similar position with 
regard to the crank A. 

These new masses will, however, be rotating, and the com- 
ponent of the centrifugal force in the line of stroke will balance 
the masses which have been assumed as concentrated at the 
crankpin, consequently there will still be an unbalanced couple 


Fig. 32. 


at right angles to the plane of reciprocation equal to Me2r 
sin 0a. 

This will attain its maximum value when sin #is a maximum 
that is, when @ = 90 degrees, and the expression then equals 245 Ibs, 
ft. By half-balancing the reciprocating parts (see Art. 122) the 
magnitude of this couple may be reduced to a maximum of 
122°5 lbs. ft., and there will still remain an unbalanced couple 
in the plane of reciprocation of equal maximum value. The 
maximum value of the couple in one plane will, however, only 
occur when the couple in the other plane is zero. 

This example also illustrates the importance which must be 
attributed to the lightness of the reciprocating parts. 

But a complete primary balance may be secured in another 
way, namely, by giving the two additional masses reciprocating 
motion from two added cranks. These two cranks may either 
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act as “ bob-weights,” whose sole function ‘is to produce balance, 
or they may serve as the reciprocating parts of two other working 
cylinders. 

Proceeding as indicated by the latter method tue additional 
cranks may be arranged in the same plane of rotation as the 
balance-weights, but it will be seen that by placing both on the 
same side axially of B the conventional four-cylinder arrangement 
is obtained if the first crank is placed on the same centre as B 
_ and the second on the same centre as A (see Fig. 32). From 
considerations of uniformity of torque the cylinders in which 
C and D reciprocate will be of similar dimensions to A and B, 
and therefore their masses will be the same as will also the 
distance between C and D. 

From the force diagram it will be seen that there is no 
unbalanced rotating force. 

Let the distance between B and C be d and take moments 
about B. 

Moment from force at A = 490 x 3 
5 ee ne G = 490. xd 
5 . >» + = 490 x (+4). 
The sum of the moments must be zero. Hence, 
(490 x 4) (490 x d) — 490 (d+ 4)=0. 


A similar result may be obtained from the couple diagram if 
a value for d is assumed, and hence it is clear that complete 
primary balance is secured by making d any convenient dimen- 
sion, as since the new masses reciprocate there will be no force 
or couple at right angles to the plane of reciprocation. 

In the preceding work on primary balancing the method by 
which the balancing masses for the reciprocating parts only may 
be estimated has been indicated, the revolving masses must be 
separately balanced, and it is usual in so doing to place one mass 
in each of the planes of rotation in which the masses for the 
balance of the reciprocating parts are secured. ‘The two masses 
in either plane may then be compounded, as they constitute 
two forces acting at a point and in the same plane, and their 
resultant is the mass which is actually placed in the plane. 

It should be observed that it is not possible to compound two 
masses which are in separate planes of rotation in a similar 
manner. 
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124. The Reciprocating and the Rotating Parts.—The piston 
complete and gudgeon pin have a purely reciprocating motion, 
and the crankpin and crankwebs have a purely rotating motion, 
but one end of the connecting rod reciprocates with the piston 
and the other rotates with the crank. To find in what manner 
the rod should be divided it is usual to support it upon balances 
placed at the centres of the bearings and take the readings at 
each end, the weight which is treated as rotating being shown 
at the big end, and. that which is reciprocating at the at 
pin end. 

Or if AB is the length of the rod, A being at the crankpin end 


and C its centre of gravity along its length—then a x mass 


: , ; : BC : 
is considered as reciprocating and Ap % mass as rotating. 


Professor Dalby has suggested the following method. If P is 
the centre of percussion and the nomination of the parts are 
as above, then the rotating masses are taken to be equal to 
ee x mass, and the remainder as reciprocating masses. 

These dimensions do not completely account for the motion of 
the connecting rod since there is a couple acting in a transverse 
plane, produced by the angular acceleration of the rod about its 
mass centre. This couple tends to rotate the engine about an 
axis parallel to the axis of the crankshaft, but is generally of 
little magnitude, and not infrequently the arrangement of cranks 
is such that the couples neutralise each other. 


125. Secondary Balancing.—Hitherto, it has been assumed that 
the motion of the reciprocating parts is simply harmonic, and 
this would be so were the connecting rod infinitely long: but as 
the ratio of length of the connecting rod to crank decreases so does 
the actual motion deviate from that which has been assumed, 
consequently the acceleration differs from ws: cos 6 owing to the 
obliquity of the connecting rod. 

The force required at any instant to accelerate the reciprocating 
parts is given by an expression which is of little service in 
balancing problems, but it can be replaced by the following 
Fourier Series, in which the terms diminish rapidly in magnitude, 
and this is always employed in investigation. 
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Force = Mw?) ies 0 4 cos 20 — Bo 460 + 


9 7° 
Soe 


where r is the radius of the crank, 1 the length of the connecting 


rod. The above expression is not quite eos as the second term, 
for example, should be— 


3 
(7 +35....) cos 20 


while the other terms also neglect certain quantities, but it is 
sufficiently so for all practical purposes. 

The first term of the series is Mwy cos 0, the force required 
to produce acceleration with simple harmonic motion and which 
has been considered in primary balancing. ‘The sscond term is 
Mo”;? 


cos 20, and when this is considered the operation is termed 


1 
‘secondary balancing.”’ The remaining terms are ee ace os 40, 
ae e cos 60, etc., and are known as the inertia forces of the 


fourth, sixth and higher orders respectively. 

When the first and second terms of the series are satisfied the 
engine is said to be balanced for primary and secondary forces 
and couples, and it may be added that uniess an engine has 
complete primary balance, it is unnecessary to consider its 
condition as to balance for secondary effects, or those of the 
higher orders. Generally, it will be found that the inertia 
effects of the fourth and sixth orders may be neglected altogether 
because of their extremely small magnitude in the modern 
engine. 

Confining our attention to primary and secondary balance, the 
instantaneous force in the line of stroke required to accelerate 
the reciprocating masses is— 


Mo?/ (cos O+ ; cos 20 ) : 


Taking the first term Mw’, cos 0, this is the resolved part 
in the line of stroke of the wus force of a mass M 
at a radius 7 rotating at an angular speed of w radians per 


second. 
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Similarly, the second term is— 


Mw?,2 M42)? 


Rf eee aoe — »)? 
sas ee 20 = a1 08 Zi M (2w)?r7 cos 20 


and is therefore the resolved part in the line of stroke of the 


41 
rotating at an angular speed of 2 radians per second. On 
account of the obliquity of the connecting rod, there is, therefore, 
a second force having twice the frequency of the primary force, 
and if an attempt were made to balance this it would be necessary 
to introduce another crank revolving at twice the speed of the 
main crank. 

The effect of the inertia forces of the fourth and sixth orders 
may be treated in a similar manner, and will be found to be 
equivalent to that form of imaginary cranks rotating at four 
times and six times the speed of the engine crank. 

The centrifugal force produced by the rotation of the mass in 


2,2 


Ay . . ie & 
centrifugal foree of an imaginary mass — M at a radius r 


the manner described for secondary forces is , and its 


i 
direction is outwards from the centre of the shaft along the 
radius of the imaginary crank. Its resolved part in the line of 


2.2 Ma2)? 


stroke is oe cos 0, and at right angles thereto is as 


sin 9, where @ is the angle through which the imaginary crank 
has turned from the inner dead centre, i.¢., twice the angle turned 


through by the main crank. It will be observed that the force 
yt 29-2 . . ° . 
— is the primary force multiplied by the ratio of the crank 


to connecting rod The problem may be attacked in the 


graphical manner previously described for primary balance, 
then, if the force and couple polygons close, the engine under 
examination is balanced for primary and secondary effects, but 
if not, the magnitude and direction of the unbalanced force or 
couple is ascertained. + 

But the following method is sometimes preferred on account 
of the hability of error creeping in when drawing the vectors for 
secondary forces and couples. When the grap ical method is 
adopted, separate diagrams should be drawn for the main crank 
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when dealing with primary balancing and for an imaginary 
crank rotating at twice the speed when considering the secondary 
balance. ‘Thus, when No. 1 crank has turned through an angle 0, 
the imaginary crank for the reciprocating masses assumed to be 
concentrated at No.1 crankpin will be at an angle of 20 with 
the dead centre, the imaginary crank for the reciprocating mass 
of No. 2 cylinder transferred to No. 2 crankpin will be at an 
angle of 2(@ + a) with the line of stroke, and so on. The 
example below will be examined for both primary and secondary 
effects. 


126. The Balance of a Six-cylinder Engine with Cranks arranged 
at 120° as shown in Fig. 33.—The masses of all the recipro- 


Fig. 33. 


cating parts will be taken as equal and of magnitude M at 
radius 1. 

Resolving the centrifugal forces produced by rotation in the 
line of stroke and at right angles thereto, if there is no resultant 
force we have—- 

Primary force in the line of stroke 
— Mor { 28 @ + cos (@ a) + cos (Af as) =F ) ES G. 
ae De cos (0 + a1) + cos(0+a)+ cosO ) 

It will be seen that the cosines of the first three angles are 
repeated, so it is only necessary to multiply the quantity outside 
the brackets by two and delete the last three quantities inside the 
brackets. 
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Secondary force in the line of stroke 


=- ae {cos 26 + cos 2(0 + a) + cos 2(A+ ay) = 0. 


Primary force at right angles to the plane of reciprocation 
= 9M isin 6 + sin(6 + a) + sin (6 + a) 0, 
Secondary force at right angles to the plane of reciprocation 


_ 2Mo* { 


hal ok 


Select a reference plane at a distance a, to the left of the 
first crank and taking moments about it. 


sin 26-4 sin 2 (6 + a) +sin2@+4a): =0. 


Moment of Primary force in line of stroke 
ay; 9 {a1 cos 8 + ag cos (0 + a) + az cos (0 + ay)\ _ 0. 
Sore cha| Sa ecos (@ + a;) + as cos (6 + a) + a, cos 6) 


Moment of Secondary force in line of stroke 


— Ma22 {4 69S 20 + az cos 2(0+ Deen aa ee —¢ 
aiaer os \+ a, cos (9 + a1) + as cos 2(0 + a) + ag cos 20 


Moment of Primary force at right angles to plane of reciprocation 


ia Mines i ay sin 0 a ag sin (0 + a) ok a3 sin (6 + a1) +) 
x ( ag sin (0 + a1) + as sin (0 + a) + ag sin 6 
Moment of Secondary force at right angles to the plane of 
reciprocation 

= Mo)? f(a, sin 20 + ag sin 2(0 + a) + az sin 2(0 + a1) | 2% 
~ —L  faysin 2 (6 + a,) + assin2(6+ a) + a, sin 26\'e~ me 

These then are the eight equations which must be satisfied if 
any engine is in perfect balance for primary and secondary 
forces and couples, no matter what the number of cranks may 
be. 

Consider the conditions when the angle @ is 50 degrees, the 
distance apart of the cranks 6 in., and the reference plane 4 in. to 
the left of No. 1 crank. As the mass M, radius 7, length of 
connecting rod 1 and the angular speed » is common they may be 
neglected without affecting the result if the parts are completely 
balanced, but will require to be considered. Find the magnitude 
and direction of. the unbalanced force and couple, if not 
balanced. 


=10) 
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The left-hand side of the first equation is then 
= cos 50° + cos 170° + cos 290° + cos 290° + cos 170° + 
cos 50° 
= 0°6428 — 0°9848 + 03120 + 0°3420 — 0°9848 + 0°6428 
a), 
The left-hand side of the second equation 
= cos 100° + cos 340° + cos 580° 
— 01737 + 0°9397 — 0°7660 
==), 
The left-hand side of the third equation 
sin 50° + sin 170° + sin 290° 
.0°7660 + 0°17386 — 0°9396 
0. 
The left-hand side of the fourth equation 
= sin 100° + sin 340° + sin 580° 
= 0°9848 — 0°3420 — 06428 
sa (2 
The left-hand side of the fifth equation 
= 4 cos 50° + 10 cos 170° + 16 cos 290° + 22 cos 290° + 
28 cos 170° + 34 cos 50° 
— (4 x 0°6428) — (10 x 0:9848) + (16 X 03420) + (22 
x 03420) — (28 x 0 9848) 4+ (34 X 0°6428) 
= 95712 — 9°848 + 5°4720 + 75240 — 27°5744 + 21°8552 
=7(); 
The left-hand side of the sixth equation 
— 40s 100° + 10 cos 340° + 16 cos 580° + 22 cos 580° + 
28 cos 840° + 34 cos 100° 
== 178) 0 0:9397) 416 Xx — 077660) =F 
(22 x — 0°7660) + (28 X 0°9397) + (84 x — 01787) 
— 0°6948 + 9°397 — 12:256 — 16°852 + 26°3116 — 5°9058 
0. 
‘he left-hand side of the seventh equation 
4 gin 50° + 10 sin 170° + 16 sin 290° + 22 sin 290° + 
28 sin 170° + 384 sin 50° 
(4 x 0°7660) + (10 X 0°1786) + (16 X — 0:9396) + 22 X 
— 0:9396) + (28 X 01736 + (84 X 0°7660) 
30640 + 1°736 — 15-0336 — 20°6712 + 4°8608 + 26:0440 
0. 


= 


| 


li Il 
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The left-hand side of the eighth equation 

= sin 100° + 10sin 340° + 16 sin 580° + 22 sin 580° + 28 

sin 840° + 34 sin 100° 

= (4 X 09848) + (10 x — 0°3420) + (16 xX — 06428) + 

(22 x — 06428) + (28 x — 03420) + (84 x 0°9848) 
= 3°9392 — 3-420 — 10°2848 — 14:1416 — 9576 4+ 33°4832 
=a); 

Another position may be selected, if desired, but it will always 
be found that a six-cylinder engine with cranks at 120 degrees is 
balanced for primary and secondary effects provided that the 
masses are the same in all cylinders and the weight is distributed 
in a similar manner in all cylinders. The cause of the vibration 
which is sometimes expressed in a six-cylinder engine is largely 
due to the weights of the moving parts in the various cylinders 
being uniform. 

A similar method of treatment may be applied to any number 
of cylinders for primary or secondary balance and the working 
that has been shown should enable the reader to make the 
investigation. 

For the complete investigation of the problems of balancing 
to which the preceding can only be considered as the introduction 
because of the extensive nature of the subject, the reader is 
recommended to study the works of either Dalby or Sharp 
entitled “The Balancing of Engines,” in both of which the 
subject is fully treated. He mayalso refer to the J'ransactions 
of the Institution of Naval Architects, Vol. XLIIL, and the Pro- 
ceedings of the Institution of Civil Engineers, Vol. CLXVIIL 
The latter contains a paper on the ‘“ Estimation of the Un- 
balanced Forces in Multi-Cylinder one-crank Engines.” For 
the balancing of engines with off-set cylinders see Automobile 
Engineer for November, 1910. 


CHAPTER XI 
CRANKCASES AND GEARBOXES . 


127. Materials, etc.—The material commonly used for crank- 
cases and gearboxes is an aluminium alloy of between 11 and 14 
tons ultimate tensile strength, although cast-iron is occasionally 
employed, more especially for gearboxes. Alloys of aluminium 
having a higher tenacity are available, but are unfortunately 
much more brittle and less reliable in positions such as these, 
where shock and fluctuating stress is experienced. In getting 
out a design for a crankcase or gearbox, the object in view is to 
obtain as rigid a construction as possible—strength is then 
sufficient. ‘Therefore, because of this, as well as because of the 
more or less extremely complicated construction, necessarily 
employed and the difficulty in determining the actual loads 
which the castings are required to withstand, the design is 
worked out from experience, and affords the designer ample 
scope for his faculties. 

Attention is drawn to the importance of eniploying bolts 
whenever practicable, instead of studs if aluminium is used, on 
account of the facility with which the thread in the casting is 
stripped, partly because of the imperfect thread obtained in 
tapping. To overcome this difficulty the casting is sometimes 
tapped to a larger dimension of fine thread and a screwed bush 
or ferrule inserted therein, the ends of which are riveted over 
and then tapped out to the same size as the stud. This is, 
however, an expensive method, and bolts are more satisfactory, 
_ but are subject to the disadvantages that it is necessary to hold 
the head when dismantling a part, and that they drop out when the 
nut is removed. These may be avoided by screwing the bolt up 
to the head and screwing it in the tapped hole in the casting 
through which it passes from the inside. Whenever studs are 
screwed into aluminium, the length of the screwed part should 
be never less than twice the nominal diameter of the stud. 
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128. Crankcase Construction.—The cross-sectional dimensions 
‘of the crankcase are determined almost entirely by the space 
required to clear the cranks and connecting rod ends and for the 
placing of the camshafts, skew shafts, etc., while the overall 
length is similarly dependent upon the cylinder, crankshaft and 
timing gear requirements. It is obviously desirable to keep 
down the size of the crankchamber as much as practicable to 
ol tain ample clearances, but in doing so the means of access to 
the various parts must be studied, and the facility with which 
such a casting can be made. 

The top plate should be made of ample thickness in order that 
rigidity of the cylinder seating may be obtained, and preferably 
the bolts for the main bearings should be carried through pillars 
extending from the top to the bottom of the crankcase, the bolt 
heads being recessed into the casting so as to present a flush 
surface for the cylinder. If possible these bolts should also 
secure the cylinders in place, and if so, it is advisable to form a 
collar upon the bolt so that it will recess into the top plate and 
keep the bolts and crankshaft in position even when the cylinders 
are removed. There are usually baffle plates fitted underneath 
the cylinder to prevent the excessive lubrication of the piston, but 
not infrequently these are cast integral with the casing, a space 
being left for the rod to pass through. The inner ste of the 
holes in the top half of the crankcase should be stiffened round 
their circumference by a ring of metal, and the oil baffles should 
slope towards the slot so as to prevent the accumulation of oil. 

The sides and ends of the case should not be made less than 
zs in. (8 mm. thick), but the actual dimension will depend 
upon the size of the casting, the methods of support and the 
extent to which ribbing is carried out. Ribbing and webbing is 
of great service, not so much because it strengthens the part, but 
by stiffening it, it prevents undue flexure, high stresses and 
wear. For these reasons the main bearings should have good 
webs attaching them to the sides and top, and all corners should - 
be well filleted and webbed. If any form of splash lubrication is 
employed it will be necessary to provide caps or pockets at the 
bearings. These should be of couple capacity, and where two oil 
holes are led to the journals a common pocket should be made, 
not one each side of the web, so that as long as oil is thrown up 
against one side the bearing will be lubricated. The minimum 
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thickness is limited by the necessity for a good, sound casting—if 
very thin there is a great danger that the metal will not flow 
freely through the mould. “When the casting is very large and 
thin it is often of service to cut triangular pieces of the same 
metal as that from which the casting is to be made, and fit them 
into the mould at the corners instead of casting the webs; these 
pieces of metal will then join up with the main body of metal 
and tie the sides together. 

It is not unusual, in order to eliminate the use of piping for 
lubrication purposes, either entirely or partially, to arrange that 
the oil conduits shall be in the casting itself. This may be 
effected by swelling out the metal in the locality in which it is 
desired to place the duct and drilling a hole from end to end, the 
ends being plugged as necessary and bosses arranged, and nipples 
in the length of the hole as convenient for taking off the leads to 
the bearings. These holes should always be drilled because of 
the difficulty of removing the core used in casting, which might 
find its way into a bearing. In the top half of the crankcase it 
is also usual to arrange fur the camshaft bearings. . These are 
generally of simple construction, and consist of plain holes in the 
webs to the bearings or separate webbed supports, in. which the 
phosphor bronze bushes may be placed, the latter being held in 
position by pegs.or by set-screws let in from the outside. In some 
cases the camshaft is lubricated by splash from the crankcase, 
but occasionally .a separate trough is arranged for into which the 
cams may dip. Arrangement may also be necessary for carry- 
ing the shafts driven off the camshaft for driving the pumps or 
magneto. ‘These will always be run in bearings, pinned so as to 
prevent rotation and end movement, fitted to bosses, and if a 
worm or skew gear is provided, will be arranged with a phosphor 
bronze collar thrust bearing. If the shaft is vertical, or nearly 
so, it is a good plan to form a pocket in which oil may collect 
around the thrust collar, as this ensures an adequate, supply of 
lubricant. 

The provision of inspection doors in the side of the crankcase 
is commendable, but whether they can be arranged for or not 
will depend upon the method of support and the depth to which 
the engine is sunk in the frame. But in all cases where they 
are fitted itis desirable that their removal shall be as easy as 
possible, and not involve taking off a large number of nuts. 
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Means are necessary for the attachment of the magneto and 
pumps, and the best method of so doing will be determined largely 
by the manner in which the engine is suspended. If side arms 
or a long side plate is fitted it will probably be simplest to place 
these auxiliaries lengthwise at the side of the engine, but this 
will also depend upon the manner in which they are driven. 
With a skew-driven shaft at the front of the engine, the magneto 
and pump can be very conveniently arranged there, leaving the 
sides perfectly free. As to whether it will be best to make a 
separate bracket and bolt it to the case or to cast a shelf integral 
with the crankcase must be determined when the actual construc- 
tion at the end is known. The supports for the fan should also 
receive attention, as it may be carried on a bracket placed on top 
of the crankcase or secured to the cylinder casting. It is always 
desirable that a vent pipe and an oil-filling pipe should be pro- 
vided for, the former to prevent the creation of a partial vacuum 
or a pressure above the atmosphere in the crankchamber by the 
pistons, which has a detrimental effect upon the lubrication of 
the engine; and the latter, to enable oil to be introduced easily 
and immediately. Too often it is found that the oil supply 
arrangements are altogether inadequate, and require to exercise 
a deal of patience in renewing the lubricant, especially if it is at 
all viscous. 

The bottom half of the crankcase can be made thinner than 
the top if suspended from the latter as is, now practically 
general, but in any case it is not altogether a desirable end since 
the provision of a sound casting, although imperative, is rendered 
more difficult. If the ends only are cast, the body may be of 
sheet metal and riveted to them, the sump for oil being pre- 
ferably cast separately and secured by riveting. This is not, 
however, any great advantage, except where very light weight is 
essential, besides which it is rather more expensive and less con- 
venient for the arrangement of fittings. 

The bottom half acts as a sump for oil, and its actual con- 
struction will depend upon the type of lubrication afforded, but 
in all cases the oil should be able to drain either to one end or to 
the middle, the bottom being sloped so as to facilitate this, even 
when ascending a hill. A special sump may be provided from 
which the oil may be drawn by the pump, or there may be a 
trough which may extend to more or less the full length of the 
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engine (see Figs. 4, 5, 7, and 9). This ig usually secured by 
nuts and bolts to the crankcase for removal when cleaning out. 
It will generally be found desirable to place a grid over the sump 
or trough having a large area, and this may be in addition to the 
filter in the lubricating system. An oil level cock or gauge glass 
and an oil drain cock is also essential. Oil coolers are sometimes 
fitted so as to enable the oil to retain its lubricating properties, 
after being heated during its passage through the engine. Ribs 
placed on the exterior of the sump assist in achieving this purpose. 
‘The lubricating systems are, however, considered in Vol. L, 
Chapter XIX., and receive further attention in Arts. 181—-134. 

Attention is especially necessary to see that the construction at 
the ends of the case in the vicinity of the bearings will prevent 
the exit of oil or the entrance of grit and dirt. These should be 
formed so that the casing extends slightly beyond the actual 
bearing, and the oil cea: (if fitted), 1 in order that any oil 
passing through the bearing will drain back into the sump. The 
joint between the top and bottom halves of the crankcase is 
important and so far as is practicable (and this can nearly always 
be arranged for), should be machined all over so as to be quite 
tight to prevent leakage of oil which would give such a dirty 
appearance to the engine. 

The timing gear should be totally enclosed by an end plate, 
the dimensions being kept as small as possible so as to avoid a 
cumbrous arrangement, and the oil should be able to run directly 
back from the timing case to the crank-chamber. Bearings for 
gearshafts should not, if possible, be supported by the outer 
cover on account of the probability of bad alignment. 

129. Gearbox Construction.—Here again the general shape is 
determined by the space required for the wheels and the 
operating gear, and convenience of access. Every endeavour 
should be made to reduce the lengths of the shafts, so as to 
obtain greater rigidity for any given diameter, as the flexure of the 
shafts is one of the causes of inaccurate contact of the teeth, and 
therefore noise. One may say that the practically universal! 
arrangement is for the primary and secondary shafts to lie in a 
horizontal plane, and for the reverse pinion to be placed below 
the centres of these shafts. The gearbox is usually cast in one 
piece, the bearings being formed in bosses or other suitable 
supports on the ends, while an inspection lid is provided at the 
MCE. Q 
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top. The top cover should be as large as can be conveniently 
arranged in order to afford easy access to the interior of the box, 
although with some designs this is a somewhat difficult matter, 
owing to the arrangement of the striking gear. It should be 
secured by as few butterfly nuts as will effectively exclude dust 
and prevent the exuding of lubricant, and a plug of not less than 
1 in diameter (25 mm.), should be provided at the bottom at 
the lowest portion for draining purposes when cleaning out. 
Preferably, there should be also a short vent pipe to allow air 
to escape when the box warms up, and this can be so designed 
that it will serve also as a filler. Caps should be provided over 
the ends of the bearings of the lay or secondary shaft and glands 
at the ends of the other shafts to retain the lubricant (see 
Fig. 4). To prevent any possibility of grit, chips from the 
wheel teeth or other foreign matter entering the bearings it is 
advisable to provide some form of protector, and this may consist 
of thin shield plates of metal fitted on the shafts close up to the 
bearings. 

In most designs, ball-bearings are employed for the main shaft 
bearings, two being provided at one or both ends in some designs 
(Figs. 54 and 55), especially for the short length of a divided 
shaft, in order to obtain stability, and it is well to place them as 
far apart as possible. Where ball-bearings are used it is 
necessary to make.the housings for the bearings of the lay shaft 
of such a diameter that it may be readily withdrawn through the 
aperture after the second speed wheel has been disconnected. 
This is sometimes possible with the diameter of outer rail 
employed, but it is preferable to use a separate casting to carry 
the bearing and withdraw the bearing and the layshaft, or a portion 
thereof, entire without disturbing the bearing or the shaft. Set 
screws or hardened steel buttons are sometimes fitted to keep the 
layshaft from moving endwise, and ball thrusts- for a similar 
ol jest on the primary shaft. | 

Generally, the whole of the striking gear is placed on one side 
(that nearest the driver), and actuated from the upper part of the 
box. The ends of the selector rods should be enclosed, care being 
taken to see that there is ample room for the full movement of 
the rods. Provision must also be made for the recesses in which the 
plungers and selector rods slide, and for the locking gear. These 
bearings or guides should be bushed, as, indeed, should all working 
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parts of a similar nature, so as to allow of smooth working and easy 
repair. Occasionally these parts are carried by a gunmetal 
casting bolted to the gearbox, in which case bushing is not so 
imperative since the bearings can be bored out to receive the 
bushes when worn. When the selector fingers are attached to 
guides sliding on fixed bars, a most desirable arrangement, as 
leakage of oil or grease is reduced considerably, bushing is un- 
necessary. Leakage may be almost entirely avoided by making 
all bushes with blank ends, a recess being turned at the extreme 
end of the bush, and the bushes being bolted to the case. 

Not infrequently the brake actuating gear is arranged in the 
top or side of the gearbox, in which event the casting should be 
thickened up in the vicinity and the rim of the inspection hole 
well ribbed to prevent undue distortion. 

General Note. — All ribbing, webbing, bosses, ete., should 
wherever possible be placed on the interior of the casting since this 
not only permits of a smooth exterior that is pleasing to the eye, 
but also prevents that accumulation of dirt that disfigures the 
part and possibly works into a bearing. Where facings are pro- 
vided for seatings, they should stand slightly proud of the surface, 
just sufficient to give the necessary thickness for studs or bolts in 
order to facilitate machining operations. Here again, however, 
regard must be paid to the foundry requirements. 

So far as is practicable, all holes to be drilled or bored should be 
arranged so that they may be machined in either a horizontal or 
vertical position for convenience in operation and cheapness in 
manufacture. 

130. Engine and Gearbox Suspensions.—It should be regarded ag 
a cardinal point that the suspension of the engine and gearbox 
must be such as will render them completely immune from any 
distortion that occurs in the framing. ‘Too often one sees designs 
in which the attachment is such that the crankcase and gearbox 
cannot fail to be subjected to considerable twisting stresses, while 
the relative motion between the engine and gearbox necessitates 
the provision of some flexible connection. Not that even in the 
ideal form should the universal joint be eliminated, because it 
permits of a little adjustment to compensate for any deficiency in 
the alignment and subsequent wear, but it is clear that if the 
actual need for such is reduced, so will also be the wear, and the 
fractional bosses must aiso be minimised, A 
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In this sense, the “ three-point suspension” is advocated, not 
for the engine alone, but it should be made so as to embrace the 
engine and the gearbox—the unit construction. ‘Thereby correct 
alignment is easily obtained and maintained, the friction and 
wear are reduced, and less trouble is experienced with joints and 
bearings in the engine and gearbox, albeit, it is rather more 
expensive (although the extra cost may be compensated for by 
the lower cost of assembling), and the careful selection of the 
materials and the design employed are imperative if freedom 
from breakdown and ready means of access are to be ensured. 

Suspension may be broadly said to be carried out in three 
different ways— 

(a) By the unit system. 

(b) By supporting the engine and gearbox on an underframe. 

(c) By attaching the engine and gearbox separately to the 

main frame. 

The advantages of the system (a), and some of its disadvantages 
have already been mentioned, there remains one other that should 
be referred to, namely, the difficulty of preventing some sagging 
of an aluminium alloy casting taking place between the points of 
supports. This is a very real defect, and becomes more pro- 
nounced as the size of the engine increases, so that many manu- 
facturers hesitate to adopt such a system for this reason, apart 
from the doubt that is felt in the minds of some designers as to 
the ability of aluminium to withstand the heavy loads that are 
experienced in practice, even though the probable stress may be 
small. It is really the uncertainty of the distribution of stress. 

With the unit system of construction the front of the engine is 
carried in a hollow trunnion in the front cross-member, the 
starting handle passing through the inside of the trunnion, while 
the two lugs carried on the gearbox secure the rear end toa 
tubular or a pressed steel girder between the two side frames. 
In another form, the front of the crank-chamber is provided with 
arms that rest upon the side frames, and a single bracket attaches 
the gearbox to a cross girder just behind and above the gearbox. 
There are variations of these which differ only in the method of 
attachment and not in the actual principle involved,-as for 
example, in the Lanchester car, where brackets are taken off the 
sides of the gearbox and hinged upon the side members. The 
gearbox and the crank-chamber are usually separate castings 
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‘bolted together even in the smallest sizes, sometimes entirely 
closed with an inspection door at the top, and often open from 
above between the engine and the gearbox, so as to afford 
immediate access to the clutch, ete. 

The underframe is probably that which is most in evidence at 

the present day, and rightly so, since the merits of the unit 
system can be obtained without its demerits. Here the engine 
and gearbox are carried upon either a U-shaped framing or upon 
a pair of longitudinal girders. ‘lhe former is preferred, since the 
three-point suspension is assured, the front end (the bottom of 
the U) being attached to a cross-frame in front of the engine 
and the open ends of the U to a cross girder at the rear of the 
gearbox. Sometimes the bottom end of the U is not rounded 
but the sides converge to the centre of the cross-girder. In the 
two-girder form each girder comes as close to the centre of the 
car as possible, but hardly sufficiently to isolate the engine, ete., 
from all frame distortion, so that in this respect it is inferior. 
The two girders may, however, be carried at one end, usually 
the front end, by a bracket, the centre of which is secured to the 
cross-girder, in which event the arrangement corresponds closely 
with the U girder type. The methods of attachment of the 
underframe vary considerably, not only in detail but in general 
design also, and the reader should refer to actual cars for 
examples of the construction followed. When a three-point sus- 
pension is obtained the front end is generally hinged or pivoted 
so as to allow a certain freedom of movement, but at the rear 
end, and at both ends with the two-girder type, the ends are 
supported and riveted to either the front or rear main cross 
girder or a special girder between the side frames—the attach- 
ment being either direct or through the medium of lugs or 
brackets. 

In both of these designs a thin metal plate may be fitted 
between the frame and the engine which is conducive to cleanli- 
ness and assists in giving that smart appearance which is so 
much desired. Also, very short arms are necessary, which is an 
excellent point in their favour, since they stiffen the crankcase 
as a whole, and reduce to a large extent the reliance which must 
otherwise be placed on the aluminium. 

There are modifications of these methods in which either the 
gearbox or the engine is carried on a separate underframe or 
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cross-frames, or the former is slung from the side frames by 
means of brackets, lugs or clips, but, except that so great reliance 
upon aluminium is not necessary, it is difficult to see what 
advantage accrues and it certainly adds to the weight and 
complication. 

With the last form (c) there are really two forms of this— 
when the attachment is direct and when secured to a girder or a 
bracket brought out from the main frame. Both forms are 
adopted in current practice, and are subject to the defects that 
any distortion of the framing is ultimately transmitted to the 
crankcase and the gearbox and that the relative motion cf the 
two causes a considerable amount of work to be done by the uni- 
versal joint in the clutch shaft. These remarks anent distortion 
do not, of course, apply to those designs where a three-point 
suspension is given to the crankcase or to the gearbox, as the 
advantages derived then still obtain, except as regards the rela- 
tive movement between engine and gearbox, which is taken up 
by the universal joints. There may be four or six arms to the 
crankcase (depending upon the size of the engine) and generally 
four arms to the gearbox, or there may be a flat plate extending 
the whole length of the engine or the gearbox which is bolted to 
the frame. The latter cannot be considered a good construction 
in one sense since apart from any question of distortion it pre- 
vents the freedom of access to parts below the framing and 
obscures the light, yet at the same time it is beneficial in that 
it causes most engine parts to which immediate attention is 
occasionally necessary, such as the carburetter, magneto, water 
pump, etc., to be placed in an excellent position. \ 

It will be clear that where an underframe of any kind is 
employed the question of the extra weight involved must receive. 
consideration—and is a very important matter in large engines, 
especially when both engine and gearhox are suspended on the 
Same underframe. 


CHAPTER XII 


ENGINE LUBRICATING AND COOLING ARRANGEMENTS, INLET, EXHAUST 
AND FUEL PIPING, ETC. 


131. Lubricating Arrangements.—Several systems of engine 
lubrication have been discussed and illustrated in Vol. L, Arts. 
232 to 240, so it will be unnecessary to do more than summarise 
and amplify the remarks there made. The need of an effective 
system hardly needs emphasis after one has seen a car moving 
through traffic leaving a dense ‘cloud of smoke behind, and the 
condition of the cylinder under such circumstances can be better 
imagined than described. 

The splash system is the oldest and the simplest, but is seldom 
used in modern cars because of the difficulty of maintaining a 
uniform supply to the cylinders and bearings by reason of the 
fluctuating level in the crankcase with varying speeds, with the 
inclination of the car and asthe oilis consumed. For this reason 
the system is wasteful, and since the burnt oil and carbon from 
the cylinders fall back into the crankcase, it is extremely probable 
that the lubrication will be less satisfactory and result in wear 
and be more liable to failure due to the stopping up of the lubri- 
cating holes at the bearings. The effect of inclination is mini- 
mised but not entirely eliminated by the use of division plates in 
the crankcase, while the quantity of oil available may be main- 
tained if the makeup is from continuous supply from, say, a 
tank which delivers oil to a drip feed (a device that requires 
continual attention), placed on the dashboard, but there are many 
possible modifications. The supply may be led direct to the 
-erankease or to the main bearings, or to the cylinders and the 
bearings. Continuous supply to the dashboard tank can be 
ensured, either by exhaust pressure, or by air pressure from a hand 
pump, or the oil contained in a reservoir which is frequently 
placed under the bonnet, or the main supply may be from a dash- 
board tank, or mechanically by the use ofa small pump driven by 
the engine. Intermittent supply to the crankcase is obtained by 


989, MOTOR CAR ENGINEERING 


pumping @ quantity of oil from a dashboard tank by hand at 
such intervals as the experience of the driver dictates. Such a 
system is however irregular and is not compensated for vary- 
ing engine speed; therefore the lubrication is at times slightly 
below and at others slightly above the desired quantity, 
besides which, it diverts the attention of the driver to some 
extent. 

The trough system, which is a refined or improved splash 
system, has been adopted by many manufacturers, because, it is 
said that while affording effective lubrication, itis slightly cheaper 
and more simple. But it is extremely doubtful whether these 
claims can be substantiated in every case. If the trough system 
simply consists of narrow troughs placed beneath each connect- 
ing rod end, with overflows from each trough to regulate the 
depth to which the dippers are immersed, then its cheapness and 
simplicity must be accepted. But with the arrangements usually 
employed there is a combination of forced system to the main 
bearings and the trough system to the crankpins and gudgeons, 
while occasionally the level of the troughs is under control, | 
being interconnected with the throttle so that the depth of im- 
mersion of the dippers varies with the power developed. Hence, 
any comparison must be made between two particular systems 
rather than two general forms, and in many cases the forced system 
is the superior in these respects. This also applies to the claim 
sometimes made that the trough system is more economical, as, 
when effectively carried out, the forced system can be made 
to be most economical in consumption. Difficulties often arise 
in practice with a forced system apart from those associated 
with the design, because of the excessive clearances allowed, 
since it is essential that these are as small as possible for 
successful operation, so that the excessive flow of oil from 
the bearings which is splashed in the crankcase and on to 
the cylinder walls may be prevented, while at the same time 
sufficient oil is carried through the system to effectively lubricate 
the crank and gudgeon pins. 

Not infrequently the leakage of oil from the main bearings 
(where it is introduced under pressure) is relied upon to lubricate 
the crank and gudgeon pins, and pistons and baffle plates or 
“guides” are fitted to divert the oil to the former, the latter 
being lubricated by splash. But the fully forced system is 
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admirable—clean oil in a sufficient quantity is supplied to every 
part, friction is minimised, wear is reduced, reliability is increace 1 
and a more silent operation ensured. The disadvantages of com- 
plications, and the reliance which must be placed upon the pump, 
can hardly be considered as of sufficient importance to detract 
from the otherwise excellent qualities, and further, they are 
present in the trough system, while the dependence of the main- 
tenance of the efficiency of the system upon the condition of the 
bearings is of little consequence, because if properly fitted in the 
first instance they are subject to extraordinarily little wear. 

132. [t is essential whenever a pump feed under pressure is 
employed to use a substantial construction, since the supply of oil 
oil is entirely dependent upon the completeness of the system. 
For this reason, steel pipes should be fitted where the oil ducts are 
not taken through the crankcase casting, and all passages should 
be of large area, since with the low temperatures that often obtain 
more damage can be done during the first five minutes, when the 
oil supply is hmited owing to its high viscosity, than during a 
week’s ordinary usage; further stoppage by impurities is ren- 
dered more remote. ‘Too great‘reliance must not be made upon 
the gauge or the tell-tale generally fitted on the dashboard, 
because the driver's attention is usually directed to other matters 
and failure may occur any instant. It would seem to be an 
advantage to fit an oil reservoir in the crankcase, or what would 
serve a similar purpose, to use large bore pipes, so as to prolong 
the time between which lubrication ceases and failure occurs. 

The pressure at which the oil is fed to the bearings is not of 
great importance provided, that it is fed continuously and in 
ample quantity, although this may be qualified by saying that 
the greater the pressure employed the higher the load the bear- 
ing will carry without abrasion. And again, a high pressure 
necessitates a large pump (partly because of the greater slip), 
therefore the greater quantity of oil passing through the system 
will assist in keeping down the temperature as well as ensuring a 
maintenance of fluid friction only. 

Probably the greater difficulty still met with in modern work 
is that of keeping the cylinders from being over-lubricated and 
the bearings lubricated. Baffle plates, sometimes separate from, 
at others cast with, the cylinders, are fitted at the bottom of the 
cylinders with slots cut in the centre through which the connecting 
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rods operate. This, however, is not altogether satisfactory since, 
with the exception of fully forced lubrication engines, the air 
within the crank-chamber is charged with a spray of oil, and on 
the upstroke of the piston this is drawn into the cylinder, drench- 
ing the cylinder walls as well as lubricating the gudgeon-pin. 
The supposition that oil splashed on to the piston dropped on to 
the gudgeon-pin is now no longer considered as true. There are 
several ways of overcoming the excessive lubrication of the piston 
and the entrance of oil into the cylinder. In the first method, a 
scraper ring is employed on the piston, and in the second, holes 
are drilled through the skirt which besides reducing the weight 
enable the oil which works up between the piston and the cylinder 
to be squeezed out. In the third method baffle plate is inter- 
posed above the crank and extends the full length and width of 
the crank-chamber, so that the air drawn into the cylinder with the 
piston on its upstroke comes largely from that being expelled 
from another cylinder and is therefore less highly charged with 
oil. 

Inarranging for a lubricating system, where a pump isemployed, 
there are several points that must receive attention, one of which 
has already been mentioned, namely, the use of steel pipes of 
large bore. Mr. Morcom suggests that the delivery pipes should 
have a bore of aa and the suction pipes of ~- where P is the 
sum of the peripheries of all bearings at the discharge point, the 
bore being greater for suction pipes so as to avoid a restricted 
suction. These rules will give larger pipes than are commonly 
used, Lut are certainly such as to merit attention. The leads to 
the bearings will naturally be of reduced bore. There should be 
a filter provided of large area, which must be detachable for 
cleaning purposes, and should be arranged so that it is possible 
to remove it readily and without losing the oil in the crankcase. 
To enable this to be done, the filter is sometimes embodied in an 
oil tank on the dashboard, from whence the fresh oil is drawn by 
the pump and returned through the filter by a pump incorporated 
in the same casting as the main pump. But this is quite 
unnecessary and the separate tank is not altogether a desirable 
fitting, while there are so many possible arrangements by means 
of which the desired end can be attained—one being to place 
the filter well up in the system, and another to bring a sump out 
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on one side and arrange for the filter to be withdrawn upwards. 
The piping should be as short as possible without undue cramp- 
ing and should be joined up by means of union nuts, and where 
branches are taken off T or Y pieces should be inserted in prefer- 
ence to brazing. A relief valve should be fitted on the delivery 
side of the pump set to blow off at the desired pressure, the return 
being taken, preferably, to the pipe lead on the pump side of the 
filter, since the entrance of this oil under pressure into the oil 
remaining in the sump would have the tendency to stir up any 
sediment that may have been deposited there. 
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Fic. 34.—Wolseley combined air and oil pump. 


133. Oil Pumps.—The pump fitted should be of ample capacity 
for the purpose for which it is intended, as at low speeds of 
rotation the quantity discharged may be comparatively small, even 
though the loads are just as great as at higher speeds, while any 
excess at high speeds is simply returned and not wasted, and it 
may be added that the power required to operate the pump is 
exceedingly small. There are three kinds of pumps in common 
use—the plunger, the gear, and the shutter or vane pump. The 
two first mentioned are the most important, as the latter is 
rather simply for the purpose of feeding the oil to the bearings 
and will not workagainstgreat pressure. Itshould be remembered 
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at the pressure at the pump (that i is, the pressure at which the 
system works) is that which is required to force the oil against 
the various resistances. Ifthe clearances are extremely small, 
and sharp bends and long leads are avoided, the pressure at the 
bearings will be high, even though only a small pump is fitted, 
although this will be modified according to the centrifugal and 
inertia effects on the oil in the system. ‘The actual size of pump 
must be based upon the practice at any particular works, since 
theclearances allowed are notuniversally thesame; but Mr. Morcom 
suggests ! the following rule for plunder pumps which is empiric in 
its character— 

Volume swept out by the pump on the discharge stroke per 
minute = 8 P where P is the sum of the peripheries of all bear- 
ings at each discharge point. ‘This will be found to accord very 
closely with general practice. Using this same expression for a 
gear pump, the volume theoretically discharged by it should be | 
8 P, assuming that it has the same efficiency as a plunger pump 
when new. The volume in cubic inches theoretically discharged 
per revolution of the pump shaft is— 

2 (~R*—cross sectional area of the boss and the teeth) x J where 
R is the radius to which the pump case is turned and J is the 
width of the wheel, both dimensions in inches—Or, it equals— 

2n (Area of the space between any two adjacent teeth and the 

pump ease) 1 
where nis the number of teeth in one wheel. 

Multiply either of these by N (the number of revolutions of 
pump per minute) and the discharge per minute is obtained. 
But whereas the plunger pump is positive and maintains its volu- 
metric efficiency so long as the valves are in good condition the 
gearwheel pump decreases in volumetric efficiency as time goes 
on and wear takes place, thereby permitting the oil to pass back 
to the suction side of the pump. The capacity of this pump 
should therefore be made about 20 or 25 per cent. greater than 
that of plunger pumps for the same work. 

Hence— 
2°5nlN (Area of space between any two adjacent teeth and the 

pump case = 8 P), 

It is very essential for the efficient operation of the pump that 

the wheels are a good fit in the casing, not only at the points of 
1 See Proceedings of I.A,H., Vol. IV. 
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-the teeth but also at the sides, and further, that it is far more 
satisfactory to use properly cut wheels because of the importance 
of good contact of the teeth for a high volumetric efficiency. It 
may be noted that with the plunger pump an engine should be 
run for a short time under light load in order to heat up the oil 
and reduce its velocity so that it may pass freely through the 
valves. 

The pump should preferably be “drowned” as_ troubles 
experienced in priming at starting are thus avoided, and this is 
easily arranged for if the pump is driven by skew gearing from 
the camshaft. In this position, the driving connection must be 
of the dog type (Fig. 174, Vol. I.) and permit of axial movement 
because the pump will be arranged in the bottom half and the 
camshaft in the top half of the crankcase. If driven off the end 
of the camshaft or in any other position where the oil has not a 
free flow down to it, a priming cock is essential. 

134. General Remarks.—The oil holes in the shafts must be 
of ample area as there is no purpose in cutting down the dimen- 
sions, and where they open on to a surface the edge should be well 
rounded off. In no case should they be less than 3% in. (2°4 mm.) 
for radial holes and 4 in. (6 mm.) for axial holes. ‘T'o ensure the 
supply of lubricant to the centre of the shaft, an annular groove 
may be cut in the bearing and so arranged that the recess in the 
upper half is not in the same transverse plane as that in the 
bottom half, the two recesses being connected at the joint. The 
oil grooves in the bearing for the distribution of oil over the 
surface vary, but the general idea should be to take the oil 
in at the point of low pressure and lead the grooves so that the 
movement of the shaft draws the oil into the region of greater 
pressure. 

A lead will probably be necessary for the lubricating of the 
timing gears, and if the camshaft runs in a separate trough, for 
the replenishment of this also. A tell-tale or a gauge will com- 
municate with the system close up to the pump on the discharge 
side and be fitted to the dashboard, while the level of oil in the 
sump should be indicated by some means. Floats and similar 
devices are troublesome, so that either a gauge-glass or a cock 
must be fitted, the latter being preferred because generally the 
former gets so discoloured as to render it impossible to see the 
level or else is in such an awkward position for inspection in the 
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undershield that one cannot easily examine it. A cock is, how- 
ever, dirty but sure. 

There are many systems in practice which, while coming 
under one or other forms of lubrication, yet differ so greatly in 
the mode of application. For an examination of these, the 
reader may best refer to the Technical Press (articles have 
appeared in the Autocar, Automotor, and the Automobile Engineer 
from time to time) ; also to Mr. Morcom’s paper above mentioned, 
and to Arts. 232 to 241, Figs. 167 to 178, Vol. I, and Figs. 4, 
5, 7 and 9, of this volume. 

The lubrication of the chassis will be treated in conjunction 
with the design of the part. 

135. Engine Cooling.—Just as the engine lubrication is of the 
first importance, so also is engine cooling, for they are inter- 
dependent, because cooling is largely required in order to allow 
of effective lubrication ; it is also necessary for structural reasons 
and in order that a full charge of gas may be drawn into the 
cylinders. In Chapter XIII., Vol. I., this question is discussed at 
length, from a descriptive and comparative aspect, so it now 
remains to consider the matter from the point of view of design. 

186. Air Cooling.—The use of air cooling has, so far, been 
restricted to motor cycles, aeronautical engines and a few light 
low-powered cars, although some air-cooled medium-powered 
engines have been eraployed in America. This has been possible 
because of the peculiar position and conditions under which 
cycles and aeroplanes are used and it is unlikely that their 
extensive use on motor cars in this country can ever become 
possible, because speeds are not sufficiently high. neither are the 
engines sufficiently exposed to enable efficient cooling to result. 
Auxiliary exhaust ports assist in getting rid of the exhaust gases 
and thus conduce to a lower cylinder temperature, but these 
must be enclosed or else an unsightly engine results, and even 
then the results obtained are not equal to those from water- 
cooled engines. Attempts have been made to render such an 
engine successful by using a fan placed within a casing which 
surrounds the cylinder, but the complication, weight, expense, 
and the power required to rotate the fan more than counter- 
balance any advantages that may accrue, and unquestionably 
water cooling is the more efficient system. 

In arranging an engine for air cooling it is essential that the 
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fins are so placed that the natural flow of the air is along and 
between them, for it is only by so doing that the fullest advantage 
is taken of the velocity of the air, and as air has a very low con- 
ductivity it must come into direct contact for efficient cooling. 
Fins will therefore be arranged in the direction of motion. When 
it is necessary to place a boss upon the cylinder, it should be 
put as far back as possible so as to reduce the disturbance 
of the air to the greatest extent. The thickness of the fins 
should be about 3% in. (5 mm.) at the junction Ue the 
cylinder, and have a good radius, tapering off to about 3, in. 
(2°5 mm., at the extremities. ‘This tapering of the fins assists 
in nesters weight and facilitates casting ; while uniform thick- 
ness is not necessary since the heat is carried away from the 
whole surface of the fin. The width of the fin should be about 
3 in. (18°5 mm.). 

Dull black surfaces are the best radiators, so the cylinder and 
fins should present such surfaces. 

137. Water Cooling.—This is the method most commonly 
employed for car engines, and as applied may be worked either 
by thermo-syphon or by forced circulation, but in any case the 
flow of water should be such as is traversed by the natural 
circulation of water, that is, it should be taken in at the point 
of lowest temperature and pass out at the point of highest 
temperature. 

With thermo-syphon the passages through the cylinder 
casting should be quite clear and the pipes of large diameter, not 
less than 14in.(82 mm.) bore—and there should be an absence 
of pockets or downward bends in which air or steam can collect. 
It must not be forgotten that water absorbs a quantity of air, 
which, when the system is heated up, is liberated. and may 
collect in some part and form a “lock” thereby stopping the 
circulation and causing local overheating. Such a lock is not 
easy to remove, as the steam generated only tends to aggravate 
‘the trouble. The outlets should therefore always have an 
upward trend and are sometimes arranged so that they cover the 
entire a head. For a forced system the pipes may be 
about 3 in. (18 mm.) diameter or even smaller since natural 
circulation is assisted by the pump. With pair block cylinder 
castings the inlet and outlet should be so placed that the water 
is free to pass equally round’ each cylinder, and this applies to 
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four-cylinder castings in that two inlet pipes should be fitted 
with their orifices between the two front and the two rear 
cylinders. 

The piping communicating with the radiator and pump aitgala 
always be connected by rubber tubing secured by clips, because 
vibration and expansion cause trouble where union nuts or any 
rigid connection is employed. All branches from the pipes and 
all leads taken off for such purposes as heating the carburetter 
or dividing the leads to the cylinder should be arranged so that 
the flow of water is continuous, for which reason Y pieces should 
be inserted as necessary. Cast pieces at the junctions of branches 
and pipes are preferred although they prove more expensive to 
manufacture, but ultimately save money and trouble. 

A drain cock should be provided at the lowest portion of the 
system—frequently at the bottom of the radiator or off the pump 
casing, whichever is the lower—so that in cold weather, and when 
the engine is being overhauled the jackets, piping and radiator 
may be emptied without inconvenience. 

The pump, if fitted will be located in the pipe between the 
lower part of the radiator and the cylinder and will drive the 
water through the cylinder casting. 

138. Water Pumps.—At the present day there are two forms 
of pump in common use—the centrifugal and the gear pump, 
the former being preferred because in the event of the pump 
failing thermo-syphon action is at once instituted, and further, 
gear pumps are subject to wear at the teeth, in which event their 
capacity is reduced. Shutter pumps are also occasionally 
employed, but they are subject to excessive wear at the blades 
and the case. 

The function of the pump is not to pass a definite quantity of 
water in a given time, but to force the water through the jackets, 
thus assisting the natural circulation although incidentally it 
does do so. The quantity of water in the radiator, piping, and 
jackets, and the speed at which the water passes through the 
system have little practical effect upon the limits of working 
temperatures—the former because whatever the quantity used it 
would soon be heated up if the cooling apparatus is insufficient 
although the greater the quantity of water the longer the time 
before which boiling water would take place, hence a car used in a 
hily district or in town should have a large water capacity; and 
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the latter, because if the velocity of the water is increased, the 
time in contact with the cylinder walls for the reception of heat 
is less and the time passing through the radiator for cooling also. 
Hence, the size of the pump must be left to the judgment of the 
designer, who will have regard to the space at his disposal and 
the convenience of his arrangement. 

It will be generally found that 3 in. (75 mm.) is the smallest 
diameter that can be given to the impeller of a centrifugal pump, 


WATER INTAKT 
FROM CARBURETTEFS 
ACK Een 


LUBRICATOR 


PACKING 


\PZ 


Sw) ; BEARING BUSHES 
‘ay oZe 
N WA - METALLIC { 
Ne 
i 


aN 
Y ll Li > 


g 
iA 


A RATE ESS caccuemeesenenveny's 
Y DE a sla dada 
Z Zi 


Se 


SSS 


CAVITY FOR LUBRICANT 


WATE METAL 
UNE D GLAND 

HOLE TO ORAIN PU 

WHEN BRAINING CIRCULATION 


NS 


EG} 


ye sp ITI ZIZZO TET ETE TOTO : 
J 


Y 


; WATER INTAKE, 
~—~—— FROM RADIATOR 


Fic. 35.—Wolseley Centrifugal Pump. 


while the dimension seldom exceeds 4% in. (120 mm.). fPro- 
bably the greatest drawback to this class of pump is the side- 
thrust on the bearings from the pressure at which the water is 
discharged. To overcome this, two outlets have been fitted—one 
diametrically opposite the other—but in any case long bearings 
are essential for its extended use, and to limit the possibility of 
trouble from leakage of water on the one hand, and the entrance 
of grease or oil into the water system on the other. The pump 
cases may be made either of aluminium or of gunmetal, and if of 
M.C.E. R 
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the former, should be bushed at the bearings 3 with the latter, it 
is really optional, although desirable. The impeller may be of | 
either of these metals, but in any case must be well secured and 
be true with the shaft. The shape of the impeller blades seems 
to have little effect on the satisfactory operation of the pump, 
probably owing to the factors mentioned in the preceding para- 
graph, and to the variation in the speed at which the engine runs. 
For the highest efficiency at any particular speed the blades should 
have such a curvature that a particle of water in moving radially 
outwards under centrifugal force 
WATER DELWERY would trace out such a curve on 
a ae the impeller as it rotates—the curve 
therefore represents the relative 
motion of the water to a radial 
line on the impeller. Steel shafts 
are often used, but manganese 
bronze is more suitable for the 
purpose on account of its non-cor- 
rosive properties, and has the 
- additional merit that the impeller 
and the shaft may be cast and 
machined in one piece. The shaft 
will be from 2 in. to ? in. (16 mm. 
to 19 mm.) in diameter and should 
preferably be run at a speed not less than that of the engine. 
Not infrequently it is driven on the same shaft as that for the 
magneto, for four- and six-cylinder engines. 
Gear-pumps should be made entirely of good hard bronze, with 
- similar pumps used for lubricating purposes the wheels may be 
of steel, but for water pumps some non-corrosive metal is 
imperative because of the medium in which they work. The 
provision of long bearings is not so essential, although it is 
desirable, as in centrifugal pumps, since both bearings for one 
wheel and one bearing on the driving wheel are entirely enclosed 
and the remaining bearing is provided with a gland to prevent 
leakage... But good bearing surfaces are necessary, especially at 
the gland, for long and efficient operation, since much depends 
upon the absence of clearance and wear round the teeth and at 
the sides of the wheels. Grooves cut along the tops of the teeth 
and down the ends assist greatly in preventing the water from 
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slipping past at these points, which would diminish the efficiency 
of the pump, that.seldom exceeds 70 per cent. Bushes of a softer 
grade of metal should be fitted at the bearings, as by careful 
attention to these the durability is increased., Makers often 
prefer the use of a fairly large size of tooth because by this 
means a relatively greater capacity is obtained for any given 
overall dimensions of the wheels, but with a small number 
of teeth the points of contact are few, and, therefore, there is a 
greater liability of leakage.. Attention is drawn to the method 
of attachment of the driving spindle at the wheel and at the 
driving end, for not infrequently it is found that the diameter at 
the gland is no larger than at some other part in the length of 
the spindle, so that its removal is difficult, and when wear takes 
place the renewal of the shaft is necessary. ‘The gland should 
be locked against movement by some means—either by a set 
screw (which should be kept clear of the thread), or by the use 
of a spring clip. The details, driving gear and attachment to 
crankcase will largely depend upon the particular construction 
employed, and are, therefore, not dealt with here. ; 

139. Radiators.—Radiators are generally of one of three forms, 
the gilled tube, the honeycomb, and the plain tube. (See Art. 162, 
Vol. I.) The thickness of the tubes varies slightly, but this is only 
of importance from the question of weight and cost of material 
owing to the relatively low conductivity of the air. 

Tt has been stated that an engine wili be most efficient and give 
out its maximum power at a certain temperature of the cooling 
water, but it will be manifest that this is of little consequence 
when considering engines for car purposes, since the conditions of 
power, wind, speed, atmospheric temperature and even of the 
heat loss to the cooling water are so variable that estimates of 
temperature are of little value. 

The heat loss to the cooling water at full power per minute is 
from 30 to 40 per cent. of the heat of the petrol. Assuming that 
it is 85 per cent. and that the thermal efficiency is 24 per cent. 
(it may reach 28 per cent. under ideal conditions), then for 


3 
every indicated horse-power developed = 1°46 H.-P. are lost to 


1°46 X 33,000 
774 
B.T.U.’s per minute. Iftheradiator reduces the temperature of the 

R 2 


== 62° 


cooling water, which are equivalent to 
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water by 50 degrees in passing (a purely arbitrary value), the weight 


52-9 


of water required to pass will be EG = 1244 lbs. per H.P. per 
minute. The drop in temperature will depend principally upon— 

(«) Total cooling surface in the radiator. 

(b) Nature and condition of those surfaces. 

(c) Velocity of the water through the radiator. 

(1) Velocity and quantity of air through the radiator. 

(e) Temperatures of the air and the water. 

The factors (a) and (b) may be regarded as permanent, but not 
so the others, as the speed of the engine and the car varies con- 
siderably ; the direction of the wind is sometimes with the car, 
at others against it; changes take place in the atmospheric 
temperature and in the power developed, etc. Hence, even if the 
heat radiated per square foot per degree difference in tempera- 
ture on the two sides of the pipe is ascertained for any given 
radiator, it is of little service except for a comparison between 
the efficiencies of any two radiators. 

For plain copper tubes there should be between 1°5 and 2°5 
sq. ft. of surface per B.H.P., for a honeycomb radiator about 
8 sq. it. per B.H.P., and for gilled tube about 5 sq. ft. per B.H.P. 
The low proportion for plain copper tube is probably explained 
by the fact that the air has freer access to the tubes than with 
either of the others, while the honeycomb radiator is perhaps 
more efficient than the gilled tube because the gills are attached 
to the tubes by a solder that has a lower conductivity than that 
of the tube and because the water is not in close contact with 
the gills. The ratio of gill surface to tube surface is generally 
from about 6 to 1 to about 8 to 1 and depends somewhat upon the 
size of the tube and whether the gills are circuiar or square with 
rounded corners. The gills are generally crinkled and pitched 
about 4 in. (6 mm.) apart—if closer than this the passage of the 
air between them is somewhat restricted. The length of the 
honeycomb tube should not exceed 5 in. (125 mm.), otherwise the 
friction of air along the tubes increases sufficiently to reduce the 
capacity of the radiator. It will be found to be necessary to cut 
down these proportions for higher power ears; but this is not of 
importance, since the engines seldom develop their full power, 
except at high speeds, when lower values are permissible because 
of the higher cooling efficiency of the radiator. For fang see 
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Vol. L, Art. 164. They may be mounted on either ball or plain 
bearings supported by the front cylinder, the crankease or the 
radiator, but the latter is not deemed advisable, as it may cause 
sufficient vibration, in the event of the fan being out of balance 
either due to bad manufacture or from a blow, to cause a leaky 
tube. very precaution should be taken to render the radiator 
immune from strain of any kind by mounting it upon pivots 
or rollers, or some substance such as felt or rubber that will 
absorb a certaii amount of shock. It may advantageously be 
mounted on trunnions lined with rubber, as is often done, light 
stays being fitted to restrict the movement of the top of the 
radiator and prevent the disturbance of the pipe connections. 

140. Inlet and Exhaust Piping.—From the many shapes given 
to the induction pipes it will he clear to the careful observer that 
there is no one set way in which to arrange them, but there are 
several rules that should be observed if an equal charge is to 
be drawn into all cylinders. The first is that the volume of the 
piping between the inlet valve and the carburetter should be the 
same, that is, each cylinder should draw from the same volume 
of piping. ‘There are fluctuations in pressure in the inlet pipes, 
and unless this rule is followed there will be a perceptible lag in 
one or more cylinders that will affect the charge taken by them. 
As far as possible, also, the shape of the piping should be similar, 
so that the fall of pressure along the pipe due to the various 
bends, contractions, etc., may be uniform. Cast Y pieces may 
be used where the pipes branch, and all bends should have a good 
curvature so as to prevent the reductions of pressure being 
excessive, or the petrol, which is then in a state of suspension, 
from being deposited through striking a cold surface. 

All joints should be carefully attended to in order that there 
may be no possibility of leakage of air, which is so disastrous to 
efficient carburation when running under light load with closed 
throttle. Some makers believe in surface joints, but whatever 
form of joint is employed it is desirable to use spigots. The 
drilling of holes in the inlet pipes to supply a little air to one 
cylinder is a practice that should be strongly deprecated. 

So far as arrangements are concerned, in many pair cylinder 
castings the carburetter is placed on the offside of the engine 
and branched to each pair of cylinders, the lead to both inlet 
valves being taken through the casting itself, as seen in Fig. 5; 
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while in others this lead is a separate pipe between the cylinders 
and outside the casting. In some cases Nos. 1 and 2 are coupled 
together, and Nos. 8 and 4, and these pipes fed by a connecting 
pipe attached to their centres which is served by a short lead 
from the carburetter. In one instance, a tapered pipe is used, 
but the actual leads are very varied and should be studied on the 
engines themselves, because the number of cylinders and the 
method of casting affect the arrangements employed so greatly. 

Aluminium, copper and gunmetal are all used in the manu- 
facture of these pipes. 

The exhaust pipe usually has a separate lead from each 
cylinder ; and the remarks as to bends and Y branches apply 
here with equal force, for the reason that sharp changes in the 
direction of the flow of the gases cause an increase in the back 
pressure, and the impinging gases overheat the piping. In order 
to provide free access to valve tappets and springs, etc., the pipe 
should be kept well up on the engine until it nears the dash, 
when it should take a good curve downwards till the footboards 
are reached and then curve to the rear as gradually as possible. 
The branches should enter the exhaust manifold at an angle so 
that the direction of the gases is to the rear ; and if two cylinders 
are exhausting at the same time, as in four- and six-cylinder 
engines, the provision of a nozzle in the interior of the pipe is an 
advantage, since the exhaust from the front cylinder as it rushes 
past that nearest the rear exercises an ejector action, preventing 
the exhaust from returning to a cylinder in front, as might happen 
say in a four-cylinder engine when No. 8 opens to exhaust and 
No. 1 is just finishing the expulsion of the gases. Where this is 
not provided, a small lip, cast in the pipe, may be used. | 

The material used may be either malleable cast or ordinary 
cast-iron of about in. (8°5 mm.) thickness. The cross sectional 
area of the pipe should be made to be about twice that of the area 
through the exhaust valve. 

Connections may be necessary for either the heating of the 
carburetter, for supplying pressure to the petrol tank, or for 
pressure to an oil tank, and should be arranged for by casting 
pads of suitable shape upon the pipe. It is always advisable to 
do this, even though pressure feed is not contemplated, as it 


renders the fitting of such a system subsequently much more 
satisfactory. ; 
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141. Fuel System.—The main points to be borne in mind here 
are that the pipes should be of ample bore, that in no case should 
the pipe bend downwards, and that a filter with an upward flow 
is imperative. The reason why a small pipe is objectionable is 
obvious, and when a very tortuous lead is given an apparently 
large enough pipe often is too small, especially where the filter 
has not received attention. Downward bends should be avoided 
because impurities sink to the bottom and may choke the pipe, 
while the filter does not always remove all foreign matter.. The 
filter is required to prevent, so far as practicable, any dirt from 
entering the piping and should be placed in an accessible position © 
near to the tank. A cock should be fitted close to the tank before 
the filter, and preferably also between the filter and the engine, as 
this latter can generally be arranged in a convenient position 
for shutting off the petrol when stopped. The former is necessary 
to enable one to clean the filter without losing petrol, and is 
usually on the tank itself under the floorboard. The filling hole 
to the petrol tank should be of large area, and & small hole should 
be drilled through the cap to admit of air entering as the petrol is 
used unless pressure feed to the carburetter is fitted. 

If pressure feed is used it is necessary to filter the gases when 
exhaust is employed for creating pressure, and a relief valve is 
essential. his pipe is taken to the top of the tank, but that 
supplying petrol to the carburetter should be taken to nearly the 
bottom. A drain cock can be fitted at the bottom with 
advantage. 

It is hardly necessary. to add that all joints should be made 
with coned union nuts and nipples and reduced to the minimum 
number that it is possible to use. 

For: remarks on control systems see Chapter XII., Vol. L, but 
the necessity of the employment of the simplest and straightest 
lead, and the elimination of ballerank and other levers, with 
their multiplicity of working joints at which wear can take place, 
is strongly emphasised. See also the Automobile Engineer for 
June, 1912. 


CHAPTER XIII 
CLUTCHES AND BRAKES 


142. CLurcugs are required in order to rapidly and easily 
disconnect the road wheels from the engine in cases of emergency 
and when changing gears. Under normal running conditions 
two or more surfaces are held in contact by a spring or springs 
which may act directly on the moving member or through the 
medium of levers. Any great amount of slipping is to be 
deprecated, although some forms of clutch will permit of this 
being done to a reasonable extent without any harmful effects 
arising. Disengagement is effected by a pedal which is operated 
by the foot. Brakes are fitted in order to arrest the motion of 
the vehicle quickly, quietly, and smoothly, and effect their pur- 
pose by converting the lhinetic energy stored up in the moving 
car into heat at the brake drums which is dissipated, more or 
less effectively, by radiation into the atmosphere and by con- 
duction to the parts to which the drums and shoes are attachad. 
In this case, however, slipping is imperative if the manner in 
which the car is brought to rest is to be as indicated above. 
The actuating mechanism is controlled by hand and foot levers 
which operate the shoes through rods or wires and levers, but 
springs are fitted to disengage the shoes as and when required. 

For descriptive matter relating to clutches and brakes the 
reader is referred to Vol. I, Chapter XV. 

143. The Design of a Clutch—lIt has been stated in Vol. I. that 
a clutch should be free from complicated parts that may require 
frequent adjustment and that are not easily dismantled or 
assembled, for, as in every other part in the car, the great aim 
should be to obtain simplicity. Clutches should also be self- 
aligning and self-contained, the former in order that the 
relative positions of the acting surfaces may be correctly main- 
tained under all conditions, and the latter so that the pressure 
of the spring may not be taken up by any extraneous part or 
thrust the crankshaft in either direction when the clutch is in 
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engagement. he inertia of the rotating parts attached to the 
clutch shaft should be low, otherwise they will take a’ prolonged 
time to slow down when changing gears and probably cause con- 
siderable noise when the gears are meshed, as the wheel teeth 
have seldom exactly the same linear velocity when brought into 
engagement. To enable the drive to be gradually taken up, a 
certain amount of slipping is desirable and necessary, although 
the extended slipping of any clutch is to be strongly deprecated, 
since it has the effect of raising the temperature of the parts, 
causes undue wear, and in many cases produces a very fierce 
action. Lastly, when the clutch pedal is depressed, the clutch 
shaft must be completely disconnected from the engine. It must 
be acknowledged that in some cars this is not so, with the 
inevitable result that the operation of meshing the gears, say, at 
starting necessitates the use of considerable force and may cause 
noise and shock. 

The design of a clutch is in three parts, namely, the frictional 
surface required to transmit the torque, the arrangement and 
construction of the details, and the strength of the springs, levers, 
ete. 

As regards the first part, the methods of design will be similar 
for single cone and double cone clutches, for plate and expanding 
clutches and multiple disc clutches stand alone—these will be 
examined shortly. The work involved in the second division is 
one that must be carried out entirely by the designer, and the 
reader may either refer to Figs. 8741 and to Vol. I. or to the 
technical press for contemporary examples, but he should 
endeavour to exercise his originality in devising some new 
design. The design of the springs and levers is the same in 
almost all clutches and will be considered in Art. 147. 

144. Cone Clutches.—This form of clutch is that which is most 
_ extensively used, mainly on account of its simplicity, cheapness 
and the ease with which renewals can be effected; but, unless 
the engine runs at high speed, the provision of ample frictional 
surfaces that will withstand wear and give a smooth action over 
long periods with high powers presents considerable difficulty. 
Increase in diameter or width of surface assist in overcoming 
this but are accompanied by increase in weight at the rim, 
the part in which extreme lightness is essential; hence the 
intensity of pressure is sometimes increased beyond that which 
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is desirable, since some measure of durability must needs be 


sacrificed. 
The material used for the male surface of the clutch is either 


leather or raybestos—usually the former (although metal sur- 


J'tG. 37.—12-16 h.-p. Wolseley Clutch. 


faces have been employed)—and these are secured either by 
riveting or by means of bolts. The latter is preferred, and is 
more generally fitted because of the facility with which renewals 
may be effected. The inner portion may be made of pressed 
steel, cast steel, or aluminium, but if the latter is used it should 
be well supported at the centre by a steel plate or attached to 
a steel boss. To facilitate smooth engagement, flat or helical 
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springs are sometimes placed beneath the leather, so that when 
the drive is taken up the leather lies flat upon the surface of 
the clutch. 

The torque is transmitted by the frictional resistances to 
relative motion between the acting surfaces. These surfaces are 
pressed together by a force P, then if the radius to the centre 
of area is 7 and the coefficient of friction is y, the torque 
transmitted is Pur lbs. in., or kilos mm., according as the 
units employed are English or metric. Hence, if the maximum 
twisting moment is T,,— 

La Pir. 

It is usual to take 7 as the mean of the two radii of the 
ends of the cone, although this is, strictly speaking, incorrect, 
but the error involved is negligible. 

Now P = 2zrwp (nearly) 
where w = the width of the surface along the cone 
p = the permissible unit intensity of pressure. 

Therefore T,,, = 2772 uwp. 

For leather and cast-iron ~ = 0°25 and p is not more than 
5 lbs. per square inch or 0:0035 kilo per mm. 

Hence 

Tere 857 al bss. 1 
= 0°005-r2w kilos mm., 
from which + and w can be adjusted so that the surface will 
transmit the required twisting moment. 

For double cone clutches T,,, will be divided by 2 to obtain 
the twisting moment transmitted by each portion, and the pro- 
cedure will then be as has been indicated above. When both 
surfaces are of cast-iron, as in some metal to metal clutches, 
may be taken as 0°175, and if one is of gunmetal and the 
other of cast-iron w= 02. The permissible pressure per square 
inch is from 30 to 46 lbs. or per mm.? 0:021 to 0°028 kilo. 

145. Multiple Disc Clutches.—The acting surfaces in this type 
of clutch, with the exception of the Hele-Shaw, consist of a 
number of flat plates divided into two sets, one set being 
driven by the engine and the other carried by the clutch shaft. 
(See Figs. 87 and 88.) The plates are arranged alternately one of 
each set and are held together by an external spring—engagement 
or declutching being effected in the usual manner. Flat 
springs are sometimes provided for separating the plates, which 
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otherwise cling together and tend to keep the clutch shaft 
rotating, and occasionally one set of discs is cut along a 
radius for a short distance for a similar purpose. Some device 
of this nature, although not always fitted, is none the less very 
desirable. One set of plates is generally of phosphor bronze and 
the other of steel of about No. 18 L. S. G. 

The pressure forcing the plates together in this case is that 
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Fic. 38.—15-9 Armstrong-Whitworth Clutch. 


exerted by the spring F and is applied to all the acting sur- 
faces of the plates. Let n be the number of acting surfaces, and 
r the radius of gyration of the internal (7) and external (Rj) 
radii of the acting surface, that is, R, is the outside radius of the 
inner set of plates and 7, is the inside radius of the outer set of 
plates. It will be found sufficient to take 7 as equal ce 
since it is unwise to make the breadth of the surface very 
large—f in. (18 mm.) is ample. In some designs » will be 
twice the number of plates on the driver, but in others twice the 
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number of plates minus 1, depending upon the design employed 
and how the plates are supported and arranged. 

Then 

Do nln: 

But EF = (Ri — 1%)p, 

where p is the permissible unit pressure. 
Therefore T,, = na(R? — 77)ppr. 

The value ‘of » will vary according to the ideas of the 
designer, ~ may be taken as 0°08 and p as between 20 and 30 Ibs. 
per square inch or 0014 and 0°021 kilos mm.? 


Ty 
a 
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Fig. 39.—Argyle Plate Clutch. 


ee 
Tin = kn(Ri — 12), 
where k is from 5:0 to 7°5 for English units and from 0:0035 to 
000525 for metric units. 

By selecting a probable number of plate surfaces, the value of 
(R? — 7?)r is found from which the value of Ri and 7 can be 
calculated ; or, if desired, a width of plate surface and the pro- 
bable value of » may be assumed and the number of plate 
surfaces required found by substitution. 

146. Plate Clutches.—One form of these clutches is illustrated 
in Fig. 40, and the Deasy clutch is seen in Fig. 112, Vol. L., 
from which it will be seen to differ from the preceding, in that 
the number of discs is reduced to two, occasionally to one, and 
- that the force exerted by the spring is magnified by trans- 
mission through a multiplying lever. These plates require to 
be much: stouter than those for disc clutches because they are 
subjected to greater load. 

‘The twisting moment is, as before, 

Ti, = na(R} — rippyr, 
where R; and 7, are the external and internal radii of the 
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surface in contact and the other letters have their previous 
significance. » may be taken as 0°1 (a higher coefficient of 


HIG. 4U.—1zZ b.-p. Rover Plate Clutch. 


friction is taken here because wear is more pronounced in plate 
than in multiple disc clutches) ; p lies between 25 and 85 lbs. De 
square inch or 0°0175 and 0:0245 kilo mm.? 
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Hence, 
a > kn( Ry a rr, 
where k is from 7°8 to 11:0 for English units and from 0:0055 to 
0:0077 for metric units. 

For expanding clutches similar data may be used, but the 
surfaces in contact will be the area of the separate shoes. 

147. Clutch Springs, Levers, etc.—The strength of spring for 
multiple dise clutches is obtainable directly from pressure on the 
surfaces and is— 

Spring load = 7(R? — 7%)p, 
the value of p being that which has been used in determining 
the surface required. 

For plate clutches, the total pressure on the transmitting 
surfaces is m times that exerted by the spring, because of the 
multiplying effect of the levers. Hence, 

(R71 — 771) p 

m i 
where m is the ratio between the distance from the centre line 
of the spring and the fulcrum and the distance from the centre of 
the pin operating a presser and the fulcrum. 

But with cone clutches the spring load is augmented by the 
wedge action of the cone, so that further investigation is 
necessary. The pressure on the clutch surface is from Art. 144 
223i ayia 

Turning to Fig. 41, the diagram shows the forces acting, 
F representing the spring load and P the total pressure on 
the clutch surface. The force necessary to keep the surfaces 
in contact with a total pressure P between the surfaces is 
evidently P sin 0; but there is, in addition, the frictional resist- 
ance to the movement of the male member into engagement 
with the female portion, and this acts along the surface from 
T to R, its magnitude being Pu. The resolved part of this 
resistance in an axial direction, since RTS is equal to @, is 
Pa cos @. 

Hence the total spring load is— 

F = P (sin 6 + p cos 0). 

This additional load, Py cos 0, is required because one surface 
moves over the other before effective contact is made, but after 
this takes place the acting force could be reduced without causing 


the clutch to slip. 


Spring load = 7 
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The value of @ is always made to be approximately equal to 
tan ~1u1, because if 0 is greater than this, the spring must be 
made to give a greater axial load, and hence the force required to 
operate the clutch is increased, while if smaller there is a proba- 
bility of jambing The coefficient of friction, », for leather or 
metals may be taken, as before, to be 0°25, although it will be 
quite obvious that it will depend upon the amount of oil present 
on the surfaces. Then tan ~10°25 = 14° 2’, but is generally made 
15 degrees, as it gives an easy angle for working to and is permis- 
sible because of the variation that ~ may be subject to. For cast- 
iron to cast-iron surfaces of the cone type, w may be taken as 0°175, 
and tan ~'~ then becomes 9° 56’, say 10°, while if of cast-iron 

and gunmetal « = 0°2 and 
taneniw == i11eA oe cane 

Lis. 
es \ Knowing 0, w and P, 
: Pp F can be calculated from 
| \ the above. 
is The proportions to be 

\| —. given to the spring will 


| be. somewhat dependent 
upon the design of clutch. 
In some cases a single spring is employed, but in others three or 
more are used, in which case the total load F will be divided 
between the three or more springs. There seems to be little 
against the latter arrangement except that it is difficult to obtain 
springs having exactly the same compression for any given load, 
or that take the same permanent set after use, consequently the 
distribution of the pressure is not equal over the whole surface. 
Where a single spring is fitted, this is sometimes of small 
diameter, but it depends upon its position and the space that can 
be economically provided. Similarly, the number of coils varies 
greatly ; partly, of course, because of the variation in the spring 
diameter. But knowing the load (W) and the approximate mean 
diameter of helix (D), the size of wire required can be ascertained 
from one of the following equations, depending upon whether 
round or square wire is to be employed. 


Fic. 41.—Cone Clutch. 


th S wea 7 ; 
AV 0°39 7, for circular section. 
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aoe ere 
MS Ay, atte for square section. 

The value of f, for a carbon steel should not be more than 
60,000 Ibs. per square inch (42°2 kilos per mm.?). 

The number of free coils used must depend upon the space 
available, but every endeavour should be made to provide as large 
a number as possible since the clutch can be more easily operated. 

This is due to the fact that when declutching the spring is 
compressed, and an increasing force must be impressed on the 
pedal by the driver in order to effect this, so that driving through 
traffic might become excessively arduous. Hence, the spring must 
be checked to ascertain the extra load required for declutching. 
The total deflection for the given load W may be found from—- 

u8W D3 
Nat 
_ nd55WD? 
Ns 


N may be taken to be 13 X 10° for a good carbon steel spring, 
and n is the member of free coils. This gives the total deflection 
for the initial load required to take up the drive, the movement of 
the clutch number to effect disengagement will be an additional 
amount x (sav), 


Then A+ 4 = 


A= for circular wire. 


for square wire. 


n8W,D3 
Nd? 

_ nd5°5W,D? 

Prog stone 
from which the value of Wi, the actual force on the spring when 
declutched, can be readily ascertained and should be such that 
the force on the clutch pedal does not exceed 40 lbs., preferably 
less. If more, either the number of coils or the diameter or 
helix should be increased. The spaces between the helices should 
be such that they will allow about 25 per cent. extra load without 
touching. Reference to p. 147, where a worked example is 
shown should make the method quite clear. 

The ends of springs should be supported on a hardened steel 
washer or a ball-bearing if the part which takes the thrust has 
any motion relative to the spring when declutched (see Fig. 37, 
front end), but, if not, itis sufficient that the spring is maintained 

M.C.E. 8 


for circular wire 


for square wire 
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symmetrically about the axis of the shaft by means of a collar 
(Fig. 88, rear end). Means for the ready adjustment of the 
spring load are desirable. 

148. For plate, disc, and expanding clutches, an oil-tight 
casing must be provided for the retention of the lubricant, and 
this requires at least one oil hole of fairly large size, say, about 
14 in. (80 mm.) diameter. Oil is generally employed for 
lubricating purposes, and one can generally rely upon the efficient 
lubrication of all the enclosed parts from this, but occasionally 
graphite is recommended, although it is difficult to realise that it 
can give such excellent results as oil, since it usually tends to 
form hard ridges and thus conduces to irregular wear. 

It is imperative that a universal joint is fitted between the 
clutch and the gearbox, or at least a sliding coupling, so as to 
permit of the self-adjustment of the clutch and the gear shafts. 
. In some cases, this is given small dimensions, but it is preferable 
to make the flexible coupling as large as those after the gearbox, 
although the work which it has to do is not so great. The type 
of coupling that consists of a split muff bolted over the ends of 
the two shafts which are squared up, is not a good form; espe- 
cially where the pin is fitted through a hole in one of the shafts, | 
for wear and shock soon make themselves evident by a tendency 
to rattle when opening up after changing gear. If the end of 
one shaft is barrelled, so as to allow a certain freedom of move- 
ment, its defects are not so pronounced and it probably suffices 
for engines mounted on asubframe. There are many types of 
coupling (in some designs two couplings are provided, and this 
is to be commended), see Vol. I., and Figs. 88, 40, etc., to 
which the reader should refer as well as to Art. 177, for their 
design. 

149. To determine the maximum load upon the clutch levers, 
etc., it is necessary to work from the pedal; since, although the 
normal force applied should not exceed, say, 40 lbs. (18 kilos), 
yet, under some circumstances, considerably greater forces may 
be instantaneously exerted. The load applied at the pedal should 
therefore be considered to be not less than 150 lbs. (68 kilos) 
= F = the weight of an average man. The stress induced in 
the pedal lever will be greatest near its junction with the boss, 
and the bending moment may, for all practical purposes, be 
taken as F multiplied by the distance between the point of appli- 
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cation of the force (the centre of the pedal) and the centre of the 
shaft, and since the lever is usually rectangular— 
EY Des 1/Gbn77 

where } is the breadth and h the depth of the section. In 
some cases h may be made the same dimension as the boss and 
the value of b found by substitution, but b should not be less 
than 4h, and better, about 4h, so as to ensure stability. The 
stress should be taken to be about 7,000 lbs. per square inch. 
(4°92 kilos per mm.), otherwise the gear looks rather flimsy, and 
unless the proportions above recommended are used the lever 
is apt to bend sideways. The lever will taper off to such dimen- 
sion as is suitable for the attachment of the pedal. If the levers 
actuating the clutch are made of equivalent cross-sectional 
dimensions to the pedal lever, they will be sufficiently strong— 
the depth may remain the same and be reduced to 4 or 2 that 
of pedal lever, since these are much shorter and therefore more 
stable. The ratio of the lengths of these levers will depend on 
the strength of the spring used, as if directly coupled to the 
clutch spring the ratio of force on the pedal must be capable of 
overcoming the resistance of the spring to compression. The 
shaft upon which these levers are placed is subject to combined 
bending and twisting, but it is designed from a consideration of 
rigidity, and the ideas of the designer usually determine the 
dimensions given lt is most frequently of tubular section on 
account of the resistance thereby offered to both forms of stress. 
Bosses on levers should be about twice as long as the diameter 
of the shaft and should be secured by keys to the shaft. 

The attachment of the levers to the clutch should be always 
through the medium of a ball-bearing, and various designs are 
illustrated both in this volume as well as Vol. I. Clutch brakes 
should also be fitted excepting, perhaps, where a disc clutch of 
small diameter is used, and is of two principal forms--that in 
which a cone fixed on the clutch shaft engages with another 
and fixed cone; and that in which a disc carried by the shaft is 
pressed against a pad carried on a flexible bracket secured to the 
gearbox and cross girder—the latter gives a more graduated 
control over the speed of the clutch shaft than the former, which 
is, however, of more compact design. Reference to the various 
illustrations in this work will show the details of several forms. 


150. Brakes.—Brakes may be divided into two classes—the 
s 2 
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external and the internal—the former being used exclusively for 
the propeller shaft brake and the latter largely for rear wheel 
brakes. 

From the manner in which the car is arrested, by the brakes, 
it is obvious that heat-resisting substances must be employed, 
and, hence, metal to metal surfaces are largely used, but raybestos 
is oceasionally fitted to the shoes. With the latter it is impor- 


Fic. 42.—Wolseley Propeller Shaft Brake. 


tant that the rivets securing the material are well below the 
surface of the asbestos, otherwise an exceedingly high pressure is 
generated, which gives rise to noise and causes scoring. The 
brake shoes are generally of either steel stampings, cast-iron, or 
malleable cast-iron, but if of steel or malleable iron, cast-iron 
liners should be riveted to them. The liners should always be of a 
softer metal than the drum in order that wear may be largely con- 
fined to them—copper, gunmetal or bronze liners being frequently 
fitted to the brake shoes, giving excellent results, especially the 
bronze, Raybestos also is used with satisfactory results. The 
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shoes for external brakes should have ribs cast on the back which 
assists in keeping down the temperature, by providing additional 
radiating surface ; incidentally, these ribs strengthen the shoes. 
The drums are now largely made of pressed steel, but cast-iron 
and malleable cast-iron are both used for this purpose. 


Fic. 43.—Armstrong-Whitworth Propeller Shaft Brake. 


151. Operating Gear.—The actuating gear may operate through 
stranded steel cables or through rods—the latter are, however, pre- 
ferred, because of the greater security of attachment, their positive 
actionand their freedom from any need for attention. Cables, how- 
ever, have the advantages that they may be taken over fairleads 
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where a straight lead is inadmissible and bellecranks may 
thus be entirely avoided: on the other hand, the fairleads are 
seldom made sufficiently large in diameter to prevent excessive 
bending of the cable and thus the weakening of the material 
of which it is composed. Stranded wire is largely employed 
for the rear brakes. The shoes are operated either by means 
of levers as in Fig.” 42 or by a cari which may be as in 
Fig. 44. For the rear wheel brakes, seeing that two brakes are 
operated by one lever and so far as possible an equal braking 
effect is desired on each wheel, some compensating gear is neces- 
sary, as is also the case for front-wheel brakes. This is generally - 
arranged for, with rear brakes, by connecting the rod or wire 
from the hand lever to the centre of a lever the ends of which 
are directly secured to two other levers, each being attached to 
shafts, to which the levers operating the cams. are connected. 
Modifications of this are often used, but the principle remains the 
same in all. At one time, it was the general practice to mount 
the change speed lever and the brake lever on the same axis, 
hollow shafts being provided as necessary to enable this to be 
done, but it is preferable to arrange for separate shafts for 
each, otherwise the gear lever has a tendency to become jambed 
when the brake is on. 

The usual arrangement is for the propeller shaft brake to be 
operated by the pedal (see Fig. 45), and for the rear brakes to be 
operated by the hand lever, but in some designs both brakes 
are on the rear wheels, one brake being placed inside the 
other. The object of the latter is to avoid braking through the 
transmission gear, and it will be seen that both pedal and hand 
operated brakes will require a balance gear. All brakes, no 
matter where applied, should have some ready and accurate 
means of adjustment provided, and such should always be in 
en easily accessible position. Various methods will doubtless be 
readily seen, and Figs. 42, ete., show means adopted in four 
cases. Figs. 43 and 44 show representative methods of ‘mount- 
ing the brakes and the operating gear, so nothing further need 
be said under this heading. 

152. Design of Brakes——The braking surface raguited for any 
car is quite independent of the horse-power of the engine but should 
vary with the weight of the vehicle on the braking wheels. ‘Too 
much surface cannot, however, be given, proved that by so 
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doing they are not made either cumbrous or heavy ; since, brakes 
are, or rather should be, gradually applied, and hence with a 
large area the intensity of pressure ig less and consequently 
the wear on the mechanism, thereby prolonging the life of the 
gear. Turther, the larger surfaces make for smoother braking 
action, because the brakes keep cooler. . Any brake, practically, 
will bring the car to rest if sufficient time is allowed in which 
it may do so, but.as it is desired that this should be as short 
as possible, gear with the maximum braking effect should be 


Fic. 44.—Armstrong- Whitworth Rear Brakes, 


fitted. The limit to the braking is reached just before the 
tyres commence to slip upon the ground, the friction of rest 
being greater than that of motion, and the maximum value of 
the co-efficient of friction between the tyre and the road is about 
0°65 (the actual value, will, of course, depend on the kind of 
tyre and the nature of the surface of the road), but in general it 
will lie between 0°4 and 0°5, and a mean value 0°45 will be assumed 
for design purposes. Hence, if W is the weight on the rear wheels 
(or the braking wheels), and R is the radius of the road wheel 
—the braking force is Wy and the braking torque = WipR. The 
value of W, will depend upon the tyre and weight of body and its 
capacity, but its probable value can be fairly closely estimated, as_ 
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can also R since this should be dependent upon horse-power and 
the load supported. 

Knowing, therefore, the limit to which braking can be carried, 
it is only necessary to find what area under a given intensity of 
pressure is required to reach this value, the maximum force 
required to operate by the pedal being 40 Ibs. (18 kilos), and by 
the hand lever, say, 20 Ibs. (9 kilos). The coefficient of friction 
between the shoes and drum will range from 0°15 and 0:2, 
probably it is safe to take it as 0°15 for rear wheel brakes (upon 
which oil or grease is frequently deposited) and as 0°2 for the 
propeller shaft brake. 

158. Propeller Shaft Brakes. — Considering the propeller shaft 
brake, and assuming the arrangement is as seen in Figs. 42 and 
48, the pressure (P) on the pedal will be increased by trans- 
mission through the actuating levers to a force nP on the adjust- 
ing screw A (Fig. 42). The actual distribution of pressure at 
the brake is, however, obscure. If contact were made by the use 
of two rubbers of very small circumferential Jength under the 
middle of the brake shoes, the total pressure would be about 
twice that on the adjusting screw. Ifthe length of the rubber or 
liner is increased by the same amount on each side of the centre 
the total pressure would remain the same so long as the shoes fit 
closely round the drum, but its distribution would be modified ; 
it may therefore be assumed that the total pressure is to the load 
on the screw inversely as the distance from the fulerum to the 
projection of the centre of the bearing area of liner on a 
diameter through the fulerum is to the distance from the 
fulerum to the projection of the adjusting screw on the same dia- 
meter. In most, if not all designs, this total pressure may be 
taken to be twice that of the load on the screw, and hence the 
pressure is 2nP. “The braking force is therefore 2nPux2 where 
is the coefficient of friction between the liner and the drum 
since the pressure 2nP acts on both shoes, and the braking 
torque is 4nPyr where 7 is the radius of the brake drum. By 
transmission through the differential the torque on the driving 
shaft will be mica by x—the gear ratio employed—and will 
therefore equal 4nPurz. 

Hence, 


| 


4nPurc = WipR 
in which n and 7 are unknown. 
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If the value for 7 is assumed n may be calculated, but 7 should 
be determined in conjunction with n. The total pressure on each 


brake surface is 2nP so that ae is the unit pressure (p) on the 


brake drum, where b is the breadth of the bearing surface. From 
an examination of contemporary work, the value of p varies from 
70 to 100 lbs. per square inch (0°0492 to 0:07 kilo per mm.?), 
so that 
2nP = prb 
since 2nP is applied to each shoe. 
Substituting above— 
Qpbi7ux = WipR 
in which b and r are the only unknowns and the value of br? may 
be calculated, the magnitude of each being separately adjusted. 

An example will be shown to illustrate the method. 

Let the weight on the rear wheels be 700 kilos and the gear 
ratio in differential be 3°8 to 1. Diameter of tyres = 810 mm. 
To find the size of propeller shaft brake. 

Qpbi7uae = WyyR. 
Te O00 alr x 025x838 = 700 < 0°45 x 405 
bi? = 1,400,000 
Let b = 55 mm. 
Then br? = 1,400,000 
yr? = 25,450 
r = 160mm. = 320 mm. diameter (12'6 in.). 

If the higher limit of pressure had been used the diameter would 

be 295 mm. (11°6in.), and if the lower limit, 352 mm. (13°85 in.). 


Further, since 2uP = prb 
Qn X 18= 0°06 < 160 x 55 
n= 147. 


Hence, the ratio of the levers between the adjusting screw and 
the foot must be proportioned so that they will multiply the force 
in the pedal by, say, 15 to 1. Since the movement of the end of 
the actuating lever will be correspondingly reduced from that 
at the pedal, and (in the design shown in Fig. 48) this move- 
ment will be divided between the ends of the two brake shoes, it 
should be observed whether or not a sufficient clearance is 
given to the shoes in the off position. The maximum reduction 
in travel of any brake gear will be found to be about 25 to 1 
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if ample clearance is given at the shoes without excessive 
movement of the foot. 


154. Road Wheel Brakes.—The brake surface for any other 
type of propeller shaft brake may be obtained in a similar 
manner, and, by the omission of the gear reduction factor x 
and the substitution of 2, as there are two acting brakes, that for 
the road wheel brakes also. 

Therefore 4pbr?24 = WiiRyw in this case is 0°15, but the 
other symbols have their previous significance and magnitude, 
except that for p an increase of 50 per cent. is permissible if 
there is a propeller shaft brake operated by pedal, because these 
brakes are supplementary to the propeller shaft brakes and they 
are not used over long periods with the car in motion. 

The total force acting each brake surface is as before p r b- 
which, as there are two brakes, nécessitates a pull on the end of 
the shoe of Therefore, if n; is the multiplying effect of 
levers and the cam operating the shoes, the pull on each end 


of lever is ge and the total force on ¢ is Le Hence, if n 
1 1 


is the multiplying effect of all the levers, the force (P) applied 


to the hand lever is ae and prb = nP, from which » can be 


determined. 


155. Brake Cams.—In determining the multiplying effect of 
levers for the brake gear no difficulty should arise, but where cams 
are employed as seen in Figs. 48 and 44 it may not be quite 
clear. 

Dealing first with the type of cam seen in Fig. 44. These are 
of the flat type and are rotated by the levers placed as seen, thus 
pressing out the brake shoes. In the position of rest, the two 
flats on the cam rest against the ends of the shoes. The twisting 
moment on the cam is the force in rod multiplied by the 
length of the lever, and is equivalent to a force T acting at 
radius m where m is the distance from the point of contact to the 
centre of the cam, that is, one half of the diagonal dimension of 
the cam. The effective part of this force T is, however, only in a 
direction at right angles to the diameter through the brake shoe 
pivot, and the maguitude of this is T cos a where a is the angle 
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through which the cam has turned. The value of cosa from 0 to 
30 degrees is from 1°0 to 0°866, and, therefore, the effective pressure 
will vary from T to 0°866 T between the angles considered, but as 
25 degrees represents the angle through which the cam will turn 
under normal conditions and cos 25° = 0°9063, it is probably safe 
to take the effective force as 0-9 T. Hence, the multiplying effect 
of the lever and cam is 0°9 of the ratio of the length of lever 
to the semi-diagonal of the cam. 

For cams which are of the face type in which rollers 
pivoted upon lugs on the brake shoes engage with the face 
of the cam, so that on rotating the camshaft these rollers are 
pushed towards the centre of the shaft and cause the shoes to 
engage with the drum, let the angle of the cam (that is, the angle 
between the face if unrolled and a line at right angles to the axis 
of the shaft) at a radius n be £, then the distance moved by a 
point on the cam at radius n is—circumferentially 27n and 
axially 27m tan 8. The end of the lever on the camshaft 
will move through a distance 271. Hence, the mechanical 
advantage of the lever and the cam is 


pele Nee i 
nn tan B  ntan 


156. Brake Springs, Levers, Rods, etc.—The springs used to 
release the brake shoes have very little work to do other than to 
overcome the friction in the mechanism, but in a foot-operated 
brake they must also raise the pedal; in which case it is preferable 
to fit a supplementary spring for this purpose not far removed 
from the pedal, since in that position the strength of the springs 
can be much reduced. The size of wire, diameter of helix, etc., of 
the spring may be determined by calculation after assuming that 
a certain force is necessary to overcome the friction, but it is 
probably quite as satisfactory to fix them by judgment, as this 
force will vary considerably. 

As for the clutch levers and rods, the strength of the brake gear 
must be determined by working from the pedal or from the hand 
lever. It may be assumed that a force of 150 lbs. (68 kilos) is 
applied to the pedal and one of 50 lbs. (28 kilos) to the hand lever. 
Then the load on the rods (which should always be in tension) or 
wires will vary inversely as length of the lever to which it is 
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attached and from which it derives its motion. Tlius, the load on 
rod will be ‘ 


Pull on hand lever pee of lever ” 


Length of lever b 
The levers will be designed for bending in the plane of motion, 
the load being that on the rod secured to it and the section 


Fig. 45.— Wolseley Pedal Gear. 


considered being close to the boss. The bending moment will be 
Load (1 = A where 1 is the length of the lever and 6 is the 
diameter of the boss. Equating this to the moment of resistance 
—the stress being about 8,000 lbs. per square inch (5°62 kilos 
mm. 2 )—the dimension of the levers may be determined. The 
breadth of the levers should be from 8 to 4 times the width. 
Shafts subject to torsion will be designed for a twisting 

moment of (Load on end of lever attached to shaft x length of 
lever) and the moment of resistance will be 

ee f.? or be f. Dt x a 

16°" 165° D 
according as solid or hollow shafts are employed. The sbaft 
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should be made so that the minimum radius (to thé bottom 
of the keyway) is not less than one-half of the dimension 
obtained. Key should be proportioned in the usual manner on 
the diameter of the shaft, but should be checked for shear as 
shown in Art. 192. 


breadth = 4d + = 


depth = 1d + a to 4 


All pins are subject to double shear, but their strength is only 
1 times that of single shear, because of the bending of the pin. 
12 x Load 

Area 
square inch (4°9 kilos per mm.”). It, is, however, very desirable 
to provide ample bearing area, as the large number of pins at 
which wear will take place makes it essential that every effort 
must be made to reduce its magnitude so far as possible, other- 
wise frequent adjustment will be necessary. In many designs, 
these parts are provided with bronze bushes which may be easily 
replaced when wear takes place. 

Means for adjustment of the brake shoes and the position of 
the pedal are essential and should be fitted in a readily accessible 
position. 

The lubricating devices need be only of the simplest nature 
as movement is not great, but it is best to fit a dust-tight cap 
or clip to prevent the entry of grit into the pins or bearings. 
For the parts which are not in a position to which ready 
access can be obtained, it is advisable to use grease cups—more 
especially for long shafts or tubes for the road-wheel brake 
compensating gear. 


The stress is and should not exceed, say, 7,000 lbs. per 


CHAPTER XIV 
GEARING 


157. Prozasiy in no other part of the chassis has there been 
such great improvement without apparent change than in the 
gearing employed, which now has reached a high standard of 
excellence. The difficulties encountered have been twofold. 
Firstly, the production of the correct shape of tooth was not pro- 
duced by the machines at one time available. This has been 
overcome by the invention of several tooth-generating machines, 
and by the extended use of cutters by means of which the wheel 
teeth are automatically cut to the correct shape. Secondly, when 
a tooth of correct form was obtained, on account of the severe 
conditions of use, high speeds and heavy loads, wear soon 
destroyed the perfect action between the teeth, while if harden- 
ing was resorted to, the accompanying distortion was such that 
it nullified the advantages accruing from the use of modern gear- 
cutting machinery, and necessitated the grinding and trimming 
of the teeth. With the steels now available, however, greater 
advantage can be taken of these self-generating machines as the 
distortion in hardening is small, while in many grades the metal 
is sufficiently hard to require no further treatment, and thus, 
together with such materials as bronze, are able to reap the full 
benefit. It is therefore necessary to indulge in a large amount 
of hard work in fitting gears, if a good machine is used in cutting 
the teeth ; in fact, noise and vibrationare often directly traceable to 
this, for the teeth, as finished by the tool or cutter are as nearly 
the correct form as it is possible to make them, and any filing or 
scraping is as likely to remove the metal from the wrong part as 
not, while grinding acts equally on all surfaces. “Hence, given 
the correct tooth form and providing that the design is good, it 
will naturally follow that the gears will work quietly, smoothly, 
efficiently, and give little troubleeven over long periods. These then 
are the conditions to be fulfilled for successful operation, and both 
must be considered here, as there are so many factors influencing 
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the shape of tooth quite apart from the actual process of cutting 
the tooth that enter into the question of design. 

It is not proposed to enter into the question of cutting the teeth, 
but the reader may refer to Mr. Stevens’ paper on “Tooth 
Gearing ” for information on the subject. 

158. Types of Gears.—The choice of gears is somewhat restricted 
by the direction in which the shafts that are to be coupled 
together lie. - If the axes of the shafts are parallel, spur, helical or 
chain gearing may be adopted, andif at right angles, then either 
bevel or worm gear may be employed, while for inclined shafts 
either bevels, if the axes intersect, or skew gears if they do not, are 
used. 

The question is not altogether one of efficiency, for all these 
gears may be made to be very satisfactory in this respect, but 
it is in regard to cost, degree of silence, durability and general 
convenience that one form has an advantage over another. Worm 
and skew gears are very quiet, and retain their good qualities for a 
long time, but are expensive to manufacture and need careful 
attention to the methods of mounting and lubrication for a high 
efficiency. Bevel gears are more easily cut and fitted, but are 
noisier and lose their efficiency at a more rapid rate. Helical 
gears, a form of spiral gears, are more expensive to cut than 
spur gears, especially when of the double form, and are not 
adapted for use in all situations, as, for example, in change speed 
mechanisms, but they are smoother in action, and stronger and 
more durable than spur gears. # Chain drives are mainly employed 
where the load does not vary greatly, and give extremely quiet 
smooth operation with a high efficiency; but necessitate the 
employment of some adjusting gear where the relative positions 
of the driving and the driven shafts must be maintained, are not 
easily adapted for employment in gearboxes, because the centres 
of shafts are at constant distance, and one chain may be initially 
of different length to another or may, in course of time, become 
so through ununiform stretching or wear. These are the main 
points in connection with gearing, but others will be referred to 
later as the particular tvpes are considered. 

159. Shape of Teeth—There are an indefinite number of 
shapes of teeth that could be used for gearwheels, and give 
correct tooth action, but only two forms are used in practice for 
spur, bevel, worm and helical gearing, and these are termed the 
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“involute” and the “cycloidal,” but by far the greater number of 
gears have an involute tooth. : 

If a flexible cord is unwrapped from round a cylinder, the end 
of the cordif kept tight would trace out an involute to the circle. 
If a circular disc is caused to roll upon the circumference of 
another circle, the locus of a point on the circumference of the 
rolling circle is termed a cycloid. When the rolling circle is with- 
out the other the curve is an epicycloid, and when within the 
the circle, a hypocloid. "The methods employed in drawing 
these curves may be seen in any elementary textbook on Plane 
Geometry, or in Unwin’s “ Elements of Machine Design,” Part L., 
but there are several points to which reference may here be made. 
The first is, it should be noted that every diameter circle will 
have a different shape of curve for its involute, and that the 
shape of both the epicloid and the hypocloid will be dependent 
upon the diameter of the generating circle and the base circle. 
The second is, that the normal to the curves at the point of 
contact passes through what is termed the “ pitch point.” This 
is tke condition which must be satisfied by any toothed wheels 
for constant velocity ratio. The third is in regard to the line 
of contact of the meshing teeth. Before these several points 
are explained it is desirable to define the various terms employed 
in connection with them. 

The pitch circle is an imaginary circle of such a diameter 
that when any pair of wheels are correctly meshed together it 
passes through a point on the line adjoining the axes of the 
wheels, such that the distance apart of the two axes is divided 
in the ratio of the number of teeth in each wheel. 

The pitch pointis the point of intersection of the pitch circle 
with the line joining the axes of the wheels. 

The addendum or point is the height of tooth above the pitch 
circle. The addendum circle passes through the tops of the 
teeth. 

The dedendum or root is the depth of tooth below the pitch 
circle. The root circle passes through the roots of the teeth. 
The angle of obliquity is the angle between the normal to the 
surfaces in contact and a line at right angles to the line of centres. 
In the case of cycloidal teeth this varies during contact from 
O degrees up to a maximum depending upon the diameter of the 
rolling and base circles, but in involute teeth it can be made 
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whatever value is desired, and is then constant throughout the full 
range of contact. 

160. Cycloidal Teeth.—Considering Fig. 46, the circles BIEN, 
MPN represent the pitch circles of two wheels, and APB, CPD 
the rolling circles. The dotted lines represent the addendum and 
root circles of the two wheels, while P is the pitch point. Now 
if these circles are per- 
mitted to roll together 
on their axes, the curve 
traced out on each wheel 
will be a cycloidal curve, 
the point V on the upper 
rolling circle will move 
to P, and P on the lower 
will move to T, along 
the arcs VP, PT respec- 
tively, and hence VPT 
is the path of contact. 
VP is termed the arc of 
approach, and PT the 
arc of recess. The 
eycloidal curve traced 
out by the circle APB 
on the upper wheel will 
be the curve VW—a 
hypocycloid, and on the 
lower wheel VU—an 
epicycloid, and these 
‘curves have been generated by the one circle in moving 
from V to P, and in a similar manner the curves TR and TS 
will be generated by the lower circle in moving P to T. 
Hence, since P is the instantaneous centre of rotation of the 
rolling circles relative to the base circles, the normal to the 
two surfaces in any position passes through the pitch point, 
and these curves will roll uniformly together during approach if 
the dedendum of the upper wheel and the addendum of the 
lower wheel have the same rolling circle, and during recess if 
the addendum of the upper wheel and the dedendum of the 
lower wheel have the same rolling circle. It will be noted that 
it is not necessary though it is usual for both the flank and 
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Fic. 46.—Cycloidal Teeth. 
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root of any one tooth to be generated by the same diameter 
rolling circle, and further, that in moving from V to P, the point 
of contract moved from V to W on the upper and from V to U 
on the lower tooth, the difference in these two lengths represents 
the amount of sliding during approach. Also, it will be seen 
that the angle of obliquity changes froma maximum at V to zero 
at P, and then increases to a maximum at T, the angle of 
obliquity at approach being less than that at recess with unequal 
diameter wheels and the smaller driving. The maximum angle of 
obliquity is usually 30 degrees, otherwise the thrust on the bearings 
is excessive as a straight line from V to P—that is, the normal at 
the point of contact is the line of action of the force causing 
rotation. 

It will be noted that the smaller the rolling circle, the nearer 
will V approach the line of centres, and hence the greater the 
obliquity, while the larger the rolling circle the less the obliquity, 
but when the rolling circle is one half the diameter of the pitch 
circle the cycloid becomes a radial line and produces a weak 
root section. Therefore it is usual to make its diameter not less 
than one fourth nor more than one half the diameter of the smallest 
wheel wn the train. 


TABLE XV. 
CycLorpat. Currers. 
Letters SUBD ST OF BeerE | Letter. p Nuorer OE tee etter See eae 
A 1 I 20 Q 43 to 49 
B 138 d Divo 22 R 50 to 59 
C 14 K 23 to 24 S 60 to 74 
D 15 L 25 to 26 ae 75 to 99 
EK 16 M 27 to 29 U 100 to 149 
F 17 N 30 to 38 V 150 to 249 
G 18 O 384 to 37 W | 250 or more 
H 19 12 88 to 42 xX Rack 


Next, it is clear that the same rolling circle should be used for 
all teeth in wheels in the same train, otherwise inaccurate action 
inust result, while the variation in the shape of the cycloid with 
variation in the diameter of rolling circle necessitates the use of 
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cutters of different form with wheels having the same pitch of 
teeth but of different pitch circle diameter, that is, with a 
different number of teeth. To fully meet this difficulty an infinite 
number of cutters would be necessary, but in practice twenty- 
four are standardised by Brown and Sharpe, and are found to 
meet practical requirements. 

There are thus 24 cutters to each pitch of tooth, and when the 
pitch has been settled a suit- 
able shape of cutter must be 
selected from the above table 
with which to cut the tooth. 

161. Involute Teeth. — In 
Fig. 47 XPY, MPN are the 
pitch circles of two wheels 
and AGB, CHD are base 
circles, the other dotted lines 
being the addendum and de- 
dendum circles respectively. 
In involute teeth the angle of 
obliquity is constant and is 
therefore represented by a 
straight line RPS through 
the pitch point and making 
an angle RPF equal to the 
angle of obliquity with the line 
at right angles to the line of 
centres. The circles AGB, 
CHD have been drawn so —————_—_ | —_——_ 
that RPS is an internal tan- 
gent to them at the points 
R and §, so that if the 
two pitch circles roll together the curves traced out by the 
points R and § on the wheels will be involutes to the two base 
circles. R will trace out RK on the upper and RL on the 
lower wheel in moving from R to P, while § will trace out SO 
on the upper and SQ on the lower wheel in moving from P to S. 
Ifence, teeth generated in this manner will roll together and give 
constant angular velocity, since the normal RS will always pass 
through the pitch point SP because the line drawn tangent 
to the base circle frony any point on the involute is a normal to 

T 2 


Fic. 47.—Involute Teeth. 
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the curve. As before, the difference in the lengths of RK and 
RL is the amount of sliding between the teeth in moving from 
RtoP. The length of contact is RL or SO, and RPS is the 
path of contact. 

It will be seen that if tho wheels are displaced so that the 
pitch circles do not intersect at the same point P the involutes to 
the base circles will remain of the same form, and the normal at 
the point of contact will always intersect the line of centres in a 
point that the distance between the axes of the wheels is divided 
in the ratio of the number of teeth in each wheel. Hence, if the 
centres are displaced, through wear at the bearings, it will not 
affect the correct action of the teeth. 

The angle of obliquity may be made from 14% degrees and 
20 degrees, but Brown and Sharpe’s standard is 143 degrees ; but 
there is another standard in which the angle is 20 degrees. (See 
Art. 164.) A great advantage of the involute tooth is that 
all wheels of the same pitch and the same angle of obliquity will 
gear correctly with one another and that the thrust is not so 
great if the 144 degree standard tooth is employed. It is usual 
to make the flank of the tooth from the base circle a radial line. 

Since the shape of the involute varies with different diameters 
of base circle, a series of cutters have been standardised by 
Brown and Sharpe for each pitch as follows :— 


TABLE XVI. 


InvoLute Currers. 


Number of Number of Teeth in Number of Number of Teeth in 
Cutter. Wheel. Cutter. Wheel. 

1 135 to Rack 5 21 to 25 

15 80 to 184 54 19 to 20 

2, 55 to 184 6 17 to 20 

24 42 to 54 64 .. .15 to 16 

3 35 to 54 ra 14 to 16 

32 30 to 84 74 13 

4 26 to 34 8 12 to 18 

43 28 to 25 


The whole numbers are the usual sizes, but the half sizes can 
be obtained when extreme accuracy is required in the work. 
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There are thus fifteen different cutters for each pitch, and when 
the pitch and number of teeth are determined the suitable cutter 
should be selected from the above list. 

The particular case of an ordinary worm should be observed. 
Here the base circle is a straight line parallel to the axis of the 
worm and is therefore a circle of infinite radius. The normal to 
the thread at its point of contact with the teeth of the wheel is 
therefore inclined at an angle @ with the axis of the shaft and the 
flanks are straight lines, the two sides enclosing an angle of 20 
where @ is the angle of obliquity. 


General Note.—The need for extreme accuracy in setting out 
gear teeth cannot be overestimated, and where cutters of any 
kind or hobs are employed unless of standard form, the greatest 
care must be exercised in determining the shape given to them, 
otherwise the satisfactory operation of the gears is jeopardised. 
Principally for this reason a large number of manufacturers 
entrust the cutting of their gears with firms who specialise in 
this work. In dimensioning drawings of toothed wheels the 
diameters, etc., should be given to the fourth decimal place 
in English units and to the second decimal place in millimetres. 


162. Methods of measuring Pitch——There are three ways by 
which the pitch of teeth is measured—the circular, the diametral, 
and the metric. 

The circular pitch is the distance along the pitch circle between 
one point on a tooth and the corresponding point on the adjacent 
tooth, or is the distance measured along the pitch circle between 
the centre of one tooth and the centre of the adjacent tooth. 
Hence, the circumference of the pitch circle = Np, the pitch circle 
diameter is es and p = - , where N is the number of teeth, p is 
the circular pitch and D the pitch, circle diameter. 

The diametral pitch is the number which represents the ratio 
between the number of teeth and the diameter of the pitch circle 


ininches and 1s . It may be stated to be the number of teeth 


16 
per inch of diameter. If Pi is the diametral pitch P = a If 
B N 2 
the outside diameter of ieee isa Dek. Lt and 


1 
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De ee 
one half the total nuinber of teeth divided by P. 

This system is very convenient, and is extensively employed, 
because awkward fractions of an inch can be avoided for the 
pitch circle diameter, Thus a wheel of 40 teeth of 8P is 6 in. 
diameter. 

The metric pitch or module is also largely used in automobile 
work, has the same advantages as, and is numerically the 
converse of, the diametral pitch. If M is the module, then 

Dip eA ae De _N+2 
M=y=G= p= ygg MD = 

Thus, a wheel of 40 teeth of 3M is 120 millimetres in pitch 
circle diameter. 

168. Minimum Number of Teeth.—With cycloidal teeth if the 
maximum angle of obliquity is 80 degrees, Professor Dunkerley * 
has shown that the number of teeth should not be less than 12 
when the rolling circle is one half the diameter of the smallest 
wheel in the train, and if one quarter of the smallest wheel, the 
minimum number is 24. 

With involute teeth having an angle of obliquity of 144 degrees 
the minimum number of teeth is 24, and with. 20 degrees angle of 
obliquity is 17. 

These numbers are true for two pairs of teeth to be always in 
contact, and if a lesser number of teeth is employed the ares of 
approach and recess will be shortened, and hence only one pair 
will be always in contact. This is to be guarded against because 
not only does one tooth of necessity take the full load, but wear 
is more rapid, and therefore the durability of the gear is likely to 
suffer unless much larger proportions are employed than are 
usual. In addition there is a large amount of undereut which is 
necessary in order to clear the tops of the tecth and therefore 
precludes the use of a milling cutter for cutting the teeth. Asa 
general rule it is desirable that in no case should there be less 
than 20 tecth, and preferably 25, although instances are known 
where bevel wheels have but 12 teeth. To increase the minimum 
number of teeth in gear the length of the are of contact must be 
lengthened, or the pitch of the teeth reduced without altering the 


The distance between the centres of the wheels is 


1 See Dunkerley’s ‘* Mechanism.” 
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addendum height. The former entails the increase of the height 
above pitch line, hence the angle of obliquity is greater and the 
tooth must be made larger in order to withstand the greater 
stress, because the decrease in actual total load on the tooth does 
not vary exactly inversely as the height. The latter is objection- 
able, because a tooth of 2 the pitch has only 4 of the strength, 
while the actual load is reduced to rather less than two thirds of 
the original load. Hence, the proportions given in Art. 164 are 
based on experience and have been found to give good all-round 
service. 

164. Proportions of Teeth.—With machine-cut teeth such as are 
used in automobile work there is comparatively little variation 
in the proportions owing to standardisation. The following 
gives the proportions of a Brown and Sharpe tooth for circular 
and diametral pitches-—one that is largely used in this country 
and in America—as well as a metric tooth. 

Width of tooth on pitch 15708 


eo =05 p= =15708M. 
Heightof tooth above pitch peice = ee 
line ig 
Depth of tooth below pitch = 0:3688 p = 115708 _ 115708 M. 
line P 
Clearance at foot = 0°05). pi oe = 0:15708 M. 
Total height of tooth = 0°6866 p = ae == 215708 MT. 


These propertions are employed for both cycioidal and the 
143 degrees involute tooth. The diameter of the base circle with 
a 14} degrees involute is 0-968 of the pitch circle diameter. 

The undercutting above referred to with small numbers of 
teeth, as well as the desire for a stronger tooth, has led several 
investigators to suggest the use of a shorter tooth with a greater 
angle of obliquity, and these are now often empleyed. In these 
the height above the pitch line is often made 0°25p and the 
depth below 0°8p, while the 143 degrees angle of obliquity may be 
retained or increased to 20 degrees, the latter having a base circle 
of 0:94 of the pitch circle. Occasionally the height above the pitch 
circle is made 0°3p, and Messrs. Sellers have standardised this 
with a 20 degrees tooth, while 223 degrees has been suggested as 


280 MOTOR CAR ENGINEERING 


a desirable angle. It is claimed by Mr. Stevens’ of Messrs. E. G. 
Wrigley & Co. that with increased obliquity and reduced height— 
(a) It can be used right down to twelve teeth in its true form, 
and cut on either a single cutter or generating machine. 

(b) It is altogether a stronger form than that most commonly 
used at present. 

(c) A very large proportion of its face does useful work. 

(d) The possible objections on the score of less contact and 
ereater bearing pressure are so slight as to be nearly 
negligible. 

The increased angle of obliquity to 20 degrees will raise the 
thrust on the bearings by about 6 per cent., while the manner in 
which the are of contact is reduced will be clear from Fig. 47. 
Undercutting is present whenever less than 30 teeth are used 
and the teeth are of the 144 degrees involute form. The effect of 
friction at the teeth has been neglected in the proceeding because 
it is certain that in automobile practice with lubricated machine- 
cut teeth it is insignificant. ; 

165. The Design of Spur and Bevel Gears.—As a general rule the 
distance between the shafts of spur wheels is unfixed but can be 
closely approximated to after a little practice. The gear ratio 
will determine the radii of the two wheels, then knowing the 
maximum torque transmitted, the pressure (F) at the pitch line 
can be calculated. 

It is usual to assume that two teeth carry this pressure, hence 
the maximum load on one tooth may vary between 3F and F. 
The actual distribution is, however, not easy to determine, but 
with machine-cut wheels carefully fitted in place, the load on 
each tooth should differ very little from 31", especially since the 
elasticity of the material must have an equalising effect upon the 
distribution. This load can also be regarded as acting along the 
full width of the teeth, and the worst condition will be when the 
load comes upon the point of the tooth, in which case the greatest 
bending stress will be at the root, and if the tooth is treated 
as a cantilever, the bending moment equals 3F1. This is not 
strictly true, as the line of action of the force is at an angle of 
143 degrees, with the axis of the tooth in 143 degrees involute 
tooth, but it is sufficiently so for all practical purposes and the 
margin is on the strong side. 


*See “'Toothed Gearing,” Proc. I. Mech. E. 
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Then :— 
ey eae 
gl 35 bh? f, 


where 1 is the total height of the tooth, b is the width, h is the 
thickness of the tooth near the root, and / is the stress. A pitch 
must now be assumed as near to the pitch that will probably be 
used as the designer can make it. Tables and diagrams are often 
available to assist in this, and then 1 can be obtained either from 
tables or from the formule given in Art. 164, but h must be 
determined separately since it will depend upon the number and 
shape of teeth employed. The probable number of teeth will be 
known because the pitch circle diameter is known, while the 
shape will be decided upon, and hence the thickness at the root 
(h) can be estimated. The method here indicated should at 
least be followed when the dimensions of the teeth have been 
obtained, especially in wheels that have a small number of teeth, 
but in general it will be found to be sufficiently accurate at first 
for the dimensions at the root to be assumed to be the same as 
those ab the pitch line, that is 0 will be OSp= > = 
1°5708M. 

The stress used in the design will depend upon the class of 
material, but the factor of safety should not be less than 10 and 
preferably 12, or even 15 in the harder grades of steel, since there 
is generally a moderate amount of shock. Therefore, b is the 
only unknown and may be determined by calculation. Should 
this prove excessive—as a wide tooth should be avoided—it should 
never exceed 2°5 times the circular pitch, and in gearboxes 1°5 
times the pitch is generally the limit, as otherwise the box becomes 
too long; a larger size of tooth must be selected in order to bring 
down the width. 

But the width must also be considered from the aspect of bear- 
ing pressure. Theoretically, the contact is made not on a 
surface but on a line, but the yielding of the material will cause 
surface contact to take place. In ball- and roller-bearings, the 
load carried increases with the diameter, and as the circumstances 
are somewhat analogous, it is reasonable to suppose that increase 
of pitch (that is, of curvature) will enable higher loads to be 
carried per unit of width. For fibre and rawhide wheels of 
about 0°75 in. circular pitch (4P or 6M) the pressure should not 
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exceed 150 Ibs. per inch of width (2 kilos per mm.), for bronze 
wheels 400 to 500 lbs. per inch of width (5°25 to 7 kilos per mm.) 
is permissible, and for hardened steel wheels from 1,500 to 
2,500 lbs. per inch of width (20 to 83 kilos per mm.) is often used. 

Therefore, since the load on each tooth is 3F, the load per 


unit of width is and this should not exceed the figures given 


above. With a little adjustment combined with judgment, suit- 
able dimensions for the teeth can be obtained to answer both 
requirements—strength and bearing pressure. 


166. In bevel wheels the pitch surfaces are conical, and any 
pair of bevel wheels which are to be geared together must have 
a common vertex—the point of intersection of the axes of the 
wheels. The line of intersection of this surface with the outer 
end of the teeth, that is, at the largest end, is the pitch circle. 
In getting out the dimensions of a pair of bevels, the pitch circle 
diameter can be closely approximated to, as can also be the 
probable width of tooth. The angles of the pitch cones or 
surfaces will be determined by the gear ratio employed, quite 
independently of the size of the wheel. These should be drawn 
out, and the radius (7) from the centre of the smallest wheel to 
the middle of the assumed length of the tooth on the pitch line 
determined therefrom—this will be the mean radius of the pitch 
line of the bevel. When transmitting torque the wheel teeth 
will be deflected by the pressure upon the point of the teeth, and 
the magnitude of this deflection will have the same ratio as the 


radii from the axis of rotation to the points considered on the 
713 
tooth point. The deflection of a cantilever is ce and [= 


1 Wis ee l ; : Sea ae 
i9 Lh3, therefore, as 7, Varies, £0 will the load vary in like manner, 


Nes - : : 
but 7, 18 as the radii from the axis of rotation to the points con- 


sidered on the top of the teeth, hence the load will vary in the 
same proportion. But the equation of strength for a cantilever 
: 1 i 6 ‘ 

is Wl = é bi, and f= a so that if Wi, 1 and h vary ina 
similar manner the stress will be the same, and hence, since the 
load, the total height of tooth, and its thickness at the pitch line 
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vary as the addendum radii, the stress will be the same 
throughout. 

From the above it is seen that the load varies as the radii and 
718 the mean radii, hence the bevel wheel may be designed so as 
to obtain a section of tooth at radius 7 that is capable of trans- 
mitting the torque required. Knowing therefore the radius 
and the maximum torque, the design resolves itself into a similar 
problem to the design of a spur wheel as above, b being the total 
length of the tooth, the section found being that at the middle of 
the length of the tooth. The same rules will apply as to strength 
and bearing pressure as were used for spur teeth. To obtain 
the dimensions at the outer end of the teeth it is only necessary 
to set out the figure in its correct position and draw lines to 
the point of intersection of the driving and the driven shafts— 
the dimensions will be proportionate to the distances of the 
sections from this point. The manner in which the face angle 
is obtained either by calculation or graphically is obvious and 
requires no explanation. Bevel wheels cannot be cut correctly 
with rotary cutters, but require a generating machine, preferably 
of the self-generating type. 

In both bevel and spur wheels, the teeth depend for their 
perfect action upon the rigidity of the rim upon which they are 
placed, hence it is important that this should be of a sufficiently 
large thickness. <A very good rule is to make the rim th-ckness 
not less than one half the circular pitch of the teeth in spur 
gears. In bevel gears the mean thickness should be not less 
than this, the dimensions at the two ends of the teeth being 
obtained by drawing a line for the points of intersection at the 
axes of the wheels through the point representing the mean 
thickness when set off on the drawings 

From strength considerations the peripheral velocity of the 
teeth need not be considered in automobile practice, since the 
stress induced in the rim is always much less than the critical 
speed with the materials usually employed, but with linear 
speeds of 2,000 ft. per minute it is advisable to make the 
teeth of less than 8P, otherwise they have a tendency to 
“scream.” 

In some cases, the numbers of teeth in the wheels must bear 
a fixed ratio, as, for example, in camshaft or magneto drives, in 
order that the revolutions of the camshaft may be rotated at 
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half the speed, and the magneto shaft at some definite relative 
speed to the crankshaft. But in the gearbox and the differential 
a definite ratio is unnecessary, and, as will be seen, is undesirable. 
Supposing, for example, that the numbers of teeth in the wheels 
are 40 and 50.- Then every five revolutions of the driving shaft 
the same teeth will come into engagement in each wheel, but if 
the driven wheel is given, say, 51 teeth, the driving shaft will 
have to make 51 revolutions before the same teeth mesh, and 
hence, should there be any irregularity in the shape of the tooth, 
or if one tooth is harder than another, the wear on the other 
wheel will be more uniform, and hence the noise caused by bad 
teeth action will be less pronounced. The ratio, it will be seen, 
is but little affected, for as first arranged it is 1°25, and after the 
extra tooth is added 1:275. Therefore, wherever possible with 
any form of gearing, the ratio should be adjusted so that this 
action takes place. The extra tooth is termed the ‘‘ hunting tooth.”” 

167. Helical Gearing.—Helical geaiing is often employed for 
camshaft drives, and occasionally for the layshaft drive in the 
gearbox, where the wheels are continually in mesh. In both of 
these drives they take the place of spur wheels, but it is possible, 
though unusual, in cars to employ a bevel form. This gear, it 
should be observed, is a form of screw gear, in that the teeth 
intersect the pitch surfaces in helices, but the mode of action is 
similar to that with spur and bevel gears, as the driving and 
driven shafts are parallel. Both single and double helical gears 
are employed, but in automobile work the former is generally 
adopted, probably because of the difficulty in obtaining contact 
on both sides of the teeth. 

The total force acting at the pitch lines producing the torque 
is in the plane of rotation, but from the angle at which the teeth 
are inclined to the axis of the wheel in single helical gears there 
is an axial thrust of F tan @. ‘The normal pressure is F sec @, 
and the actual width of the tooth is b sec 6. Where F is the 
tangential force required to produce torque, 0 is the angle between 
the tooth and a line parallel to the axis of shaft, that is, the spiral 
angle, and b is the breadth of the wheel. The normal pressure 
and the actual width of tooth vary with sec 6, and therefore for 
bearing pressure considerations the breadth of the wheel may be 
determined from F alone. 

Now, from the nature of the tooth contact, which extends from 
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the point at the leading edge of the tooth to the lowest point of 
contact at the following edge of the tooth, it is clear that at no time 
is the pressure acting on the point of the tooth, but it may be con- 
sidered to be acting at some mean position. This may be assumed 
to be at two-thirds of the height of the tooth, and as there will 


be two teeth in contact the bending moment will be sr Xx : i 


= FI, where 1 is the total height of tooth. By equating this to 


the moment of resistance = ~ bh?f the dimensions can be 


Oz] 


determined as for spur gearing. 

The angle @ should be considered in conjunction with the 
-breadth of the wheel, since this angle should be as small as 
possible in single helical wheels to reduce side thrust, and in 
double helical wheels in order to avoid wedge action, but so that 
contact is made over the full breadth of tooth. The angle will be 
of opposite hand for any pair of single helical wheels. In an 
involute tooth, therefore, the angular displacement of the teeth 
should be from § to R (Fig. 47), from which the angle can be 
determined. The usual rules for the proportions of teeth apply, 
the section considered being in the plane of rotation, and this is 
the section to which the dimensions obtained above refer. 

Provision should be made to take up the thrust along the shaft 
by means of a thrust of bronze, as ball thrust bearings are really 
unnecessary if the lubrication afforded is sufficient, and would 
make the gear cumbersome. 

168. Worm Gearing.—In worm gearing the shafts are at right 
angles, and it is generally employed in ordinary engineering 
work where a high reduction is desired, but this is not so in 
automobile work, as silence is then the great consideration. The 
cutting of correctly formed worm wheel teeth has long been a 
problem of great difficulty with engineers, but at the present day it 
is possible to obtain wheels of excellent form, either by hobbing or 
the use of a flyecutter, and much of the disrepute into which the 
class of gear fell through wear overheating and low efficiency can 
be rightly attributed to the badly formed and proportioned gears at 
one time in use. The expense, too, that was at one time so heavy, 
is not now so marked, as manufacturers have specialised in this 
class of work, standardising their hobs (Messrs. David Brown 
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and Sons have over 1,000 standard hobs), and so reduced the 
cost that work can now be done at nearly as small a price as 
other forms of power transmission. 

The shape of tooth employed is generally involute, on account 
of the fact that the sides of the worm thread there are straight 
inclined to the axis. The 143 degrees involute is often used, 
but a 15 degrees involute is sometimes employed, giving a con- 
tained angle between the sides of the thread of 29 degrees and 
30 degrees respectively for the two angles of obliquity mentioned. 
The proportions of the teeth follow the rules previously given for 
Brown and Sharpe standard, excepting when there is an extremely 
small number of teeth in the wheel. In this-case the same pitch 
lines are maintained, but the addendum of the worm thread and 
the root of the wheel teeth are reduced, and the addendum of the 
wheel teeth and the root of the worm thread increased—thus 
preventing undercutting. 

The gear reduction is the ratio of the number of teeth in the 
wheel to the number of threads on the worm. Thus, if there are 
34 teeth in the wheel and a 7 start worm is used, the gear 
ratio is 34 to 7, but if only a single threaded worm is employed 
the ratio will be 34 to 1. Spiral gearing is only another form of 
worm gearing, the velocity ratio being the number of threads in the 
driven worm to the number of threads in the driving worm. In 
this form of gears the shafts are not at right angles, but inclined 
at some other angle. These threads may be at quite different 
angles relative to their axis, and may also have different pitches, 
but since in drives used in automobile work the shafts are always 
at right angles only worm gearing will be considered here. The 
design is, however, similar in both forms of gear, the only differ- 
ence being in the angle at which the threads are inclined to the 
plane of rotation. The true shape of spiral wheels in cross 
section is a hyperboloid, but on account of the narrow width of 
the wheels it is usual to make them straight. 

Worms may be either right or left hand according to the 
direction of rotation required. For worm driven rear axles, 
seeing that the direction of rotation of the crankshaft is clock- 
wise, the worm should be right handed when placed above 
the wheel and left handed when below the wheel. Worms 
may also be of the straight form or the hour-glass or the 
Jianchester form. The former is more common, and requires 
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less fitting, because its position is defined by placing it at the 
correct distance from the axis of the wheel in a plane through 
the centre of the worm wheel and at right angles to the axis, 
whereas with the latter it is also necessary, for the plane through 
the middle of the length of the worm at right angles to the axis 
must contain the axis of the wheel. Hence, greater skill is 
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required in manufacture and it will only be found in the highest 
class of work. But it has the great advantage that the pressure 
On the wheel teeth may be reduced because there are a greater 
number of teeth in contact since the worm fits round the 
circumference of the wheel for its entire length. 

169. Definitions.—For a single threaded worm the definitions 
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given in Art. 188 have their previous significance, but there are 
Erol that should be added, and with multiple threaded worms 
the meaning of the term pitch is somewhat altered. Thus, there 
are now four kinds of pitch ; circular pitch, linear pitch, normal 
pitch, and lead or true pitch. 
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Circular pitch is the distance along the circumference of the 
pitch circle of the wheel between the centre of one tooth and the 
centre of the tooth next to it. Is equal to linear pitch. 

Linear pitch is the distance along the pitch line of the worm 
between the centre of one thread and the centre of the thread 
next to it. Is equal to the circular pitch. 
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Normal pitch is the perpendicular distance between the centre 
of one thread or tooth and the centre of the thread or tooth next 
to it. Is equal to linear pitch multiplied by the cosine of the 
pitch angle. 

Lead or true pitch is the axial distance traversed by one thread 
during one revolution and is the product of the linear pitch and 
the number of threads. 

Lead or pitch angle is the angle at the pitch circle between the 
thread and a line perpendicular to the axis of the worm. 

Spiral angle is the angle at the pitch circle between the thread 
and a line parallel to the axis of the worm. 

The pitch circle diameter of worm wheel is measured in a 
plane through the centre of the whee! so that one-half of the sum 
of the pitch circle diameters of wheel and worm is the distance 
between the axes of the shafts. 


170. The Design of a Worm Gear.—In designing a worm gear the 
velocity of ratio required and the power or torque transmitted at 
any speed of revolution is known while the approximate line of 
centres can be estimated. Now the theoretical efficiency of a 
worm drive is given by the expression :— 

i= ___ tana 
tan (a + xd) 

where a and ¢ are pitch angle of thread and the angle of friction 
respectively and x is a quantity depending upon the angle of 
thread, but x may be neglected since, with a 29 degrees thread, its 
value is only 1:03 and ¢ is always small compared with a. This 
éxpression is a maximum when a = 45° — ae Taking the 
coefficient of friction as 0°05, the pitch angle for maximum 
efficiency is 434 degrees and the efficiency will increase as the angle 
increases until it reaches this value. But the pressure upon the 
teeth causes an end thrust upon the worm, and it is found in 
practice that the friction on the thrust bearings reduces this 
angle considerably, so that about 80 degrees represents the angle 
at which the maximum efficiency is reached. Hence, regard must 
be had to this value. 

Unwin’s formula for the efficiency of a worm is :— 
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which gives for this 30 degrees angle an efficiency 88°7 per cent. 
which accords fairly well with observed results. 

For worm drives to the rear axles the condition must also be 
fulfilled that the gear must be reversible. This is satisfied when 
the angle of the thread is not less than the tangent of the 
coefficient of friction which if ~ = 0°05, as it would be with well- 
lubricated axles, is 8 degrees. In other parts of the car—for 
example, in the steering gear » will be considerably higher than 
this—about 0°15, and the angle is then a little under 9 degrees ; 
but reversibility here is really undesired although usually 
obtained. In designing the gear, the determining factor is the 
wheel, for if the heel teeth is capable of withstanding the load the 
worm thread will be sufficiently strong since the worm is of steel 

-and the wheel of phoshor bronze, usually. The working that 
will subsequently be given will be more in connection with rear 
axles, but its application to other worm drives will be readily 
seen. 

If the torque is T and the velocity ratio is X, the twisting 
moment on the wheel shaft is Tz and the ratio of the number 
' of wheel teeth to the number of threads on worm is x. Let 7 be 
the pitch radius of the worm and RB be the radius of pitch circle 


of the wheel. Then — is the pressure tangential to the cireum- 


ference of and at the pitch circle of the worm and ee is the 
— 

tangent of the pitch angle @. The thrust along the shaft 

neglecting friction is COU Ua psa aie 


: lead = lead and the total 


normal pressure between the teeth = = cosec 0. Generally, the 


wormwheel subtends an are of 60 degrees with the worm, and hence 
1 
8 
length of the circumference in contact at the pitch line will be 


the circumferential length at the pitch line will be = mr, the true 


1 ee 
3 TY sec #. The twisting moment on the wheel shaft is Tz, so 


that the tangential force acting at the pitch cirele is me and this 
fi 


is equal to the thrust along the shaft. 
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R =t = COUN, 
v Aft 

; 

— = cot 0 
R es 


But @ will be determined by considerations of efficiency, and « 
is known from the gear ratio required, therefore the value of z is 


known. 

Now decide upon the number of starts (n) to be used in the worm, 
then « times this number will be the number of teeth (N) in the 
wheel which should not be less than 80. Choose a probable circular 
pitch, p, the normal pitch will be p cos 6 and if the worm is to 
be cut by diametral or circular pitch cutter, p cos @ should be 
one of the standard sizes. The circumference of the pitch circle 


of wheel = Np and the radius se so that the tangential force 
Te _ Te 


acting at the pitch circle = R The normal 


np - 
pressure on the teeth is therefore (tangential force w sec 0) = 
i sec @ and this is the load which the teeth must be 
capable of withstanding. It is well at this stage to check the 
lead of the worm, as it is inconvenient to use odd pitches. 
Therefore, having estimated the pitch and calculated the radius 
cot 6 


of the wheel, substitute in the equation 3 = —— and find r. 


Then the lead is 27r tan 0. By slightly varying @ a suit- 
abie pitch can be obtained. The number of teeth in contact con- 
tinuously is usually two, but there may be three at some times 
depending upon the proportions employed. Assuming that two 
teeth are in contact, and that the load is equally distributed, the 
worst condition is when the load is on the point of the tooth. 
If 1 is the height, and h the thickness at the root then :— 


Qn x sec 0 1 
Np a D 


=; bhp. 


Ali these quantities are either known or have been assumed 
excepting the value of b and the stress. The length of the 
surface in contact given above at the pitch line of the worm is 

u 2 
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; nr sec 0 where 7 is the pitch diameter of the worm. Fracture 


will, however, take place at the root of the tooth, hence the 
radius to be considered will be » + 2 (dedendum) = 17. The 


3 t 0 
value of ry = seo and, therefore; 7 — = nee + 2(dedendum). 
x 


By substitultion— 


(= - m sec 0 ‘eae one + 2 ou 
Hence— 
IrTx sec O Lp are ie (2 cot 6 ) D 
EN X 56°37 8 6 Z + 2 dedendum } hf 
Re LoVe 
Noh? (sce ee + 2 dedendum) 


The stress employed should allow of a factor of safety of at 
least 8 to be used, and should the dimensions of the teeth 
that were selected not allow of this, the pitch of teeth must be 
increased accordingly. Should any alteration be necessary, the 
lead of the worm should again be checked to see that it is of a 
standard size. 

171. But the worm must also be capable of supporting the load 
without abrasion. In spur and bevel wheels, although sliding 
takes place, the motion is partly rolling ; but in worm wheels the 
motion is wholly sliding, and hence a greater amount of heat will 
be generated at the teeth. It would therefore be reasonable to 
suppose that the permissible pressure is In some measure depen- 
dent upon the velocity of the surfaces, and this is borne out by 
experiments carried out by investigators. The bearing surface 
necessary is probably mfluenced by the load, the velocity of 
rubbing, the condition and nature of the surfaces in contact, the 
efficiency of the lubrication and the rate at which the heat 
generated is carried away. Hence, the settlement of close limits 
of pressure is difficult because of the possible variations in the 
above factors, and any quoted must be subject to restrictions on 
account of this. Professor Unwin quotes the case of a Hindley 
or Lanchester worm that gave good results in which PV = 
2,000,000, where P is the end thrust in pounds and V is the 
velocity at pitch line in feet per minute, and even higher values 
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than these were recorded in the American Machinist in 1897. 
In automobile practice, for ordinary worms, the value of PV 
varies between 750,000 and 1,200,000. Obviously, it is desirable 
to use a constant as near to the lower figure as possible. With 
the coefficient of friction assumed above, namely, 0:05, it is 
interesting to note that the heat units absorbed in friction per 
minute are from 4°8 to 7°7 B.T.U. 

172. It is most essential that ample provision is made for the 
end thrust on the worm, and with large angles of 6 for the wheel 
also, as many troubles ensue if this is overlooked. The axial 
thrust on the worm is— 

Coe 
ee cot 0. 

Hither of these may be ae a suitable bearings selected for 

carrying the load at the maximum speed of rotation. The side 


my 


thrust on the wheel is 5 tan @, and similar precautions must be 


adopted in this case. 

The pitch diameter of the worm has above been determined by 
considerations of obtaining a definite velocity ratio and a high 
efficiency. In some cases, however, where little load is carried, 
this is not so, but it is made from 1} to 33 times the linear pitch 
without reference to the efficiency. For rear axle worms the 
ratio is generally between 13 to 24, but this is of little import- 
ance here. The variation indicated above is in some measure 
owing to the method of fixing, as when the worm is solid with 
the shaft a smaller diameter is possible than when it is keyed or 
pinned on to it. 

For further remarks ve worm axles, see Art. 185. 

178. Chain Drives.—In recent years considerable attention has 
been directed to the application of chains for driving the cam 
and magneto shafts, and for employment in the gearbox, largely, 
if not entirely, on account of the silence of this form of drive, 
even after long periods of use. In many cases, principally on 
commercial vehicles, it is also used for driving the road wheels. 
The chain used for this purpose is of the inverted tooth type, and 
it is claimed for it that it will run silently and continuously at a 
high efficiency, and that the need for accuracy in working is 
reduced. And against this that the adjustment of the angular 
positions of the cam and crankshafts is not so fine because of the 
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greater pitch of the teeth that, although from the shape and 
action of the tooth and chain any elongation from wear or 
stretching in the length of chain round wheels is taken up by the 
chain rising up the teeth, it is unable to allow for elongation in 
the parts of the chain between the wheels and that it is essen- 
tially a drive where the load does not fluctuate greatly. These 
disadvantages may be largely overcome by the use of means of 
adjustment whereby errors in the relative angular positions of the 
shafts may be corrected or minimised. Whether this type of chain 


Fic. 50.—Chain driven Gearbox. 


will eventually supersede spur-wheels in the positions mentioned 
or not it is impossible to say, for great advances have been made. 
Probably it has a great future for driving valve mechanisms, 
especially of the sleeve, piston and rotary type, but the difficulty 
in fitting three chains that will work well on the same centres, 
combined with the rather massive gearbox they entail, would. 
appear to be serious drawbacks to their extensive use in change 
speed gears. 

174. Points in the Design of Chain Drives.—The two principal 
factors in the design of a chain drive are the speed of the chain 
and the load which it has to carry. Means are required to pre- 
vent the chain from working endwise and are obtained by the 
use of guides built up with the chain. The guides may be in the 
centre—in which only one is needed—or on the outside where 
two are required. For the former a groove is cut in the wheel 
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across the teeth. Messrs. Hans Renold, Ltd., of Manchester, 
state that they aim at getting a pressure of from 2,000 to 
5,000 lbs. per square inch according to the chain speed, the 
bearing pressure being more important than the strength of the 
chain and fit the following size of chain for cam-shaft drives :— 

For engines up to 80 mm. bore—0°5 in. pitch, 1°2 in. (with 

outside guides) ; 

For engines between 80 and 90 mm. bore—0°5 in. pitch, 

1°4 inch (with outside guides). 

For gearbox drives the #-in. pitch chain may be used, the 
width being varied according to the power transmitted, keeping 
the requirements as to pressure mentioned above. The bearing 
areas are important because excessive loads on the chain cause 
high pressures in the rivets, since the wear at the teeth should be 
small on account of the fact that little sliding motion takes place 
at this point. 

Messrs. The Coventry Chain Co., Ltd., recommend 4-in. to 
g-In. pitch chains for camshafts and from 8-mm. to 4-in. 
pitch chains for magneto drives. <A chain-driven gearbox fitted 
with these makers’ chains is shown in Fig. 50, where it will be 
observed that the meshing of gears is effected by clutches, while 
the reverse is obtained by means of spur wheels. Both the 
above firms state that the best results are obtained when the 
factor of safety under normal working conditions approximates 
to 80, but even a little higher may be necessary under some 
circumstances. 

It is advisable, in setting out a chain drive of any kind to 
avoid the use of a vertical or nearly vertical length of chain, and 
where possible the driving side should be at the top in order that 
the weight of the chain may assist in releasing the teeth from 
the wheels. The pitch of the centres of the shafts should not be 
less than one-and-a-half times the diameter of the smallest wheel, 
otherwise the angle of contact on the pinion is too small ; 
neither should the number of teeth be less than fifteen and prefer- 
ably seventeen. The latter can always be arranged for by reduc- 
ing the pitch and increasing the width of the chain. Jockey 
pulleys, where fitted on the outside of the chain, should be of 
fibre to prevent burring over the edges of the chain, but if on the 
inside an ordinary chain wheel, which should be of as large 
diameter as possible in order to reduce the curvature through 
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which the chain must pass, which meshes with the teeth of the 
chain. Chain wheels should be made as large as practicable so 
that the pull on the chain will be minimised, especially if the 
load is at all of a fluctuating character. 

The maximum speed at which a chain should run should not 
be greater than 1,800 ft. per minute and provision should be 
made for lubrication. Preferably lower speeds should be 
employed, say, not more than 1,500 ft. per minute, as the lite of 
the chain is thereby lengthened. 

In arranging a chain drive, the distance apart of the wheel 
centres should be such as will allow an even number of chain 
links to be fitted. To assist in this the following formule 
are given which are from Messrs. The Coventry Chain Co.’s 
book :— 


For wnequal wheels. 


Chain length in ine =2h cosO6-+P ie a eae ee =) ; 
ad _2L cos 9, N+n , O(N —n) 

Chain length in pitches = P a 9 a6 TsO 

For equal wheels. 

Chain length in in. = 2-1 NP: 


Chain length in pitches = a +N, 


where— 
P = pitch of chain in in. 
L = distance between centres in in. 
N = No. of teeth larger wheel. 
n = No. of teeth in pinion. 
D = pitch diameter of larger wheel in in. 
d = pitch diameter of pinion in in. 
6 = half the angle of wrapping round the 
larger wheel minus 90 degrees. 


The top diameter is P cos ae 
12 
Pitch diameter is . 180 
s1n N 


Readers may refer with advantage to Mr. A. 8. Hill’s paper 
on “Chains for Power Transmission.” 


CHAPTER XV 
TRANSMISSION GEAR 


175. Load on Transmission Gear.—The highest stress to 
which the transmission can be subjected is determined by the 
load on the driving wheels, the friction between the tyre and the 
road and the gear ratios employed; asif the torque on the rear 
axle exceeds a definite amount the tyres will slip. This applies 
to cars of any power. ‘The torque on the rear axle is Wyyr 
where W, is the weight supported by the driving wheels, p» 
the coefficient of friction between the tyre and the road, and r is 
the radius of the wheel. The value of » will vary with the class 
of tyre and the condition of the road surface but may be taken as 
0°6 for ordinary purposes ; as a maximum value many designers 
use a value of 0°'4; while W: and r will vary with the class of 
vehicle and the distribution of the load. 

The torque on the propeller shaft or cross shaft will depend 
upon the gear ratio employed. If wis the gear ratio, since the 
torque varies inversely as the number of revolutions, the torque 


Pees 


of gear employed. For very low powers this will be produced 
when braking the vehicle, but if the brakes are only fitted 
Wir 
ee 


where 7 is the mechanical efficiency of the type 


to the road wheels, then the maximum effect will be 


since the greatest stress will be induced by driving. 

For the gearbox shafts, the maximum torque on any shaft 
will vary inversely as the number of revolutions. Thus, on the 
direct drive the torque will be equal to that found from the 
expression given in the preceding paragraph, but on the indirect, 
if y is the ratio of the gear s, and 1 is the efficiency of a single 


pair of wheels Wie is the maximum torque on layshaft. 


The value of y should be equal to the smallest value of 
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No. of teeth in wheel on propeller shaft 
No. of teeth in wheel on layshaft 
lay shaft is greatest. For very high-powered cars it is sometimes 
desirable to check for the engine torque, as if the car is rapidly 
accelerated, on, say, second speed the extra torque necessary to 
produce the angular acceleration of heavy tyres may be sufficient 
to cause higher stresses in mechanism than those induced by the 

torque given above. 

176. Universal Joints.—Contrary to the opinion sometimes 
held universal joints are one of the most important parts of the 
ear, as from their position frequent attention is not often given to 
them. Consequently, unless carefully designed, there may be 
considerable friction losses, because they are continually in action 
from the rise and fall of the axle and the normal angularity of the 
shafts. 

The construction of these members may be seen in Figs. 51, 58, 
etc., while others are shown in Vol. I., 110, 119, etc. There are, 
however, many forms differing only in detail, but all embody 
the principle that the centre about which the fork or coupling 
attached to each shaft turns is common to both shafts, and 
coincides with the point of intersection of the axes of the two 
shafts, and that motion is possible in two planes at right angles 
to one another. In the design illustrated in Figs. 55, etc., a 
muff in which steel-faced grooves are provided receives a fork 
carrying trunnions fitted with bronze bushes. There is thus 
a single centre of rotation motion in one plane being allowed 
by the bushes sliding along the grooves, and-in the other plane 
by the rotation of the trunnions about their axis. In Fig. 51 
a block is shown which carries two pins pivoting in a casting 
attached to the brake drum, while a fork carried by the end of 
the propeller shaft pivots about a pin passing through the block. 
It will be noted that the pin is bushed. In other cases, two 
forks are used, or the end of the propeller shaft is made spherical 
and hardened balls fitted thereto, one half of the ball being 
within the sphere and the other half slides in a rounded groove © 
in a muff (Fig. 112, Vol. I.) while instead of balls, keys are 
sometimes machined solid with the spherical end. 

It is desirable in most cases that axial movement should be 
possible, hence, where the design does not allow of this, a sliding 
coupling should be provided. ‘This is necessary because the rise 


as then the torque on the 


TRANSMISSION GEAR 999 


and fall of the shaft may shortea or lengthen the distance between 
the axle and the gearbox and, therefore, when the rear axle is so 
restrained that it rotates about a point in line with the forward 
universal joint it would appear that it might be safely omitted, 
but it is considered that in all designs such movement should be 
possible so as to compensate for initial errors in the distance and 
to allow for frame distortion. Such a joint should always be 
provided between the engine and gearbox for the reasons just 
given. 

As regards the number of universuls fitted, the two positions 
in which they are necessary are in the clutch shaft and in the 
propeller shaft. For the former, perhaps one would suffice, but 
two are better, since variations in angular velocity are reduced. 
For the latter, two are essential for efficient working, although 
one only is often fitted but is objected to because of the variation 
in the angular velocity of the end shafts and the increased stresses 
resulting from the rapid acceleration of the vehicle produced 
thereby. Rankine’s formule for the angular velovity of the 
shafts attached to any one joint is-— 


Vi= Vecosa 
V 
2 
cos a 


where V is the angular velocity of the gear or bevel or worm shaft 
(in this case) 
V, is the minimum velocity of the propeller shaft (in this 
case) 
V2 is the maximum velocity of the propeller shaft (in this 
case) 
a is the angle between the axes of the shafts at either 
joint. 

The condition for uniform angular velocity between the gear 
and the bevel shafts is that they must be equally inclined to the 
propeller shaft, and this is evident from the above equations. 
Now if only one universal joint is used, the bevel shaft must be 
inclined to gear shaft and in line with the propeller shaft, and hence 
the former will at times endeavour to accelerate the latter very 
rapidly, and at others the latter will move faster than the former, 
resulting in high loads being thrown on the shaft (since the car 
cannot be so rapidly accelerated without excessive stresses being 
induced), and if there is any play between the teeth of the wheels 
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some noise must also be produced. The only relieving factor 
will be the elasticity of the metal in the propeller shaft itself. 
But if two universal joints are employed the angular velocity of 
the two end shafts will be constant and only that of the propeller 
shaft will vary, which, on account of its small inertia, will 
necessitate but little increase in torque. It will be clear that as 
the angularity of the shafts increases, so does also the angular 
variation in speed; and hence it is desirable to reduce the angle 
of inclination as much as possible below 15 degrees, which is the 
maximum angle at which good results can be aneh ced Engines 
are sometimes inclined in order to do this. 


177. In the design of universal joints the questions of strength 
and of bearing surface must receive attention. For strength it is 
sufficient to consider the section of the pins close to the fork, as 
generally the fork, or its equivalent in other designs, is of a 
sufficiently robust design to be amply strong to resist the bending 
loads which it is called upon to bear. The section is circular, and 
if the diameter is d, the radius from the axis of the shaft to the 
section considered is + and T is the torque in the shaft — the 


shearing force at this point is which is resisted by two sections 


2 
each of a area. But as there must be some bending of the pin 


only 1? times the area of one pin will be taken. 


Hence ~ = 13 — ue 


fs 


d = 0°85 WE 


where f, is the stress and should allow of a factor of safety of at 
least 12 and 15 with harder grades of steel. 

Bearing area will, however, generally determine the dimensions 
of the part as it is desirable to keep down the overall sizes as far 
as possible, for with large and heavy universal joints great care is 
necessary in order to prevent vibration and wear resulting from 
any unbalanced forces set up by rotation. ‘The bearing length 
will be approximately between 1 and 1°5 times the diameter of the 
pin in a forked joint, but will vary with the other types. The 
force acting at the centre of area of contact of radius 1 to produce 


= 
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the torque T is T and is supported on area (or length in the case 
of line contact) of 2A. 

Then 9 == = pressure per unit area. 

The intensity of pressure varies within wide limits, possibly 
due to the fact that it has been found from experience that wear 
takes place very rapidly in some designs; partly because of the 
nature of the surfaces in contact, or because of an excessive 
amount of sliding motion which takes place at the part. It will 
usually be satisfactory to use a pressure of, say, from 1,200 to 
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Ftc. 51.—Armstrong- Whitworth Gearbox. 


1,500 lbs. per square inch (‘84 to 1°05 kilos per mm.?), the 
lower pressure being used where practicable, although higher 
pressures are sometimes employed. 

The lubrication of the propeller shaft joints is generally 
performed by enclosing the whole of each joint by a leather 
cover, as seen in the illustrations, and filling this with grease, 
thus affording an ample supply of lubricant and excluding dust. 
But it is also desirable to provide passages or grooves for the 
entrance of the grease to the bearing areas, especially if pins 
are used—otherwise the grease will be pushed away and the 
efficiency of the lubrication impaired. For clutch shaft 
universals it is sufficient—from their more accessible position— 
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to provide grease cups from which holes may be led to the pins 
or the part required to be lubricated; albeit, these must of 
necessity be of small size or balanced, as the centrifugal force 
produced by them at high speeds may prove objectionable. 

It may be remarked here that the practice of placing the front 
universal joint of the propeller shaft well within the brake drum, 
or within a spherical end to the torque tube, is not considered 
desirable; as, apart from the inaccessibility of the part, the heat 
generated during braking must be partly conducted to the joint 
and to the grease contained within the casing, and may cause 
overheating. The advantages accruing from these methods are 
in the direction of cleanliness and neatness, 

178. Change-speed Gears.—''he class of gearing that will be 
considered here is that in which the change is effected either by 
sliding the gears along the shafts or by the use of dog clutches. 
The descriptive matter relative thereto has been dealt with in 
Chapter XVI., Vol. L., the gearbox construction in Art. 129 of 
this volume, and the strength of gearing i: the preceding chapter, 
so that it is unnecessary to discuss these here. 

As regards the position of the gearbox it is generally placed 
either immediately after the clutch or incorporated in the rear 
axle casing—the latter form being used in increasing numbers, 
although the former is the more popular at present. One point 
advanced in connection with gearboxes on back axles, others are 
given in Art. 197, Vol. I., is, that the rear wheels hold the road 
better, and undoubtedly this is perfectly true. In high-powered 
cars, tyre wear is caused largely by the scraping action between 
the tyre and the road, when the tyre reaches the ground on the 
rebound after passing over an elevation or a depression. The 
extra mass in the axle casing is said to prevent the wheel from 
leaving the road surface so frequently or for so long a period, 
hence, the time for the acceleration of the mass of the wheel is 
less, and the velocity of the tyre will not have been increased by 
so much when it again takes up the drives as when the lighter 
construction had been employed. But against this is the fact 
that the normal tyre wear must be greater because of the larger 
unsprung weight, as must also be the blows to which the tyre is 
subjected. It would therefore appear to be entirely a matter for 
experience to determine, although the result must be largely 
influenced by the qualities peculiar to the design considered. 
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There are two points to which particular attention should be 
drawn in connection with rear axle gearboxes, namely, that the 
rods used for the striking gear should be supported in some way 


ap 
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Fic. 52.—15°9 Armstrong-Whitworth Gearbox. 


along their length in order to prevent them whipping with the 
vibration of the axle, and that the forward ends should pivot 
about a point on the same axis as the front universal joint, so 
that the rise and fall of the axle will not produce any effect upon 
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the rods themselves. In order to obtain rigidity it is desirable 
to use tubing in lieu of solid rods for this purpose. 

The almost universal method employed for changing gears is 
by means of the gate change, and rightly so, for the advantages 
accruing from its adoption are manifold. The length and weight 
of the gearbox are decreased, the shorter shafts from their greater 
rigidity conduce to a better tooth action, and the meshing of the 
gears is certain, while any gear can be selected at once and the 
lever is always in an accessible position. 

179. Arrangement and Details of Gearbox—The general 
arrangement of the shafts is for the layshaft to be placed on 
the near-side of the primary shaft and the striking gear on the 
off-side. ‘This is largely determined by convenience since, as the 
driver is seated on the off-side, the actuating gear can be best 
arranged on that side, while the position of the layshaft enables 
inspection and access to be obtained through the cover of the 
box, and does away with the necessity for a deep box that would 
require an inordinate amount of lubricant. 

The sleeves carrying the sliding sleeves are mounted upon the 
gearbox portion of the propeller shaft, which is usually provided 
either with four or six castellations or keys (see Fig. 58), 
or with finer castellations, which give the shaft the appearance 
of a long toothed wheel, but in a few instances four key, are 
fitted, being secured by screws. When the smaller number of 
castellations are adopted they are often simply cut into the shaft 
by a milling cutter, so that the sides are parallel throughout 
their depth. .:In most designs (see Figs. 51, 58), the for- 
ward gears actuated by the striking fingers are made separately 
for convenience in cutting and each pair bolted together before 
assembling. For the layshaft gears, these can be cut upon a 
sleeve secured to the shaft, or may be bolted to flanges formed 
on the shaft itself, but occasionally the smaller diameter wheels 
are solid with the shaft, and the larger gears are cut upon a 
sleeve attached to the shaft. The construction employed in 
several representative designs are shown in the illustrations 
given in this chapter. In a few cases one of the sliding sleeves 
is mounted upon the layshaft, but the other must be in the more 
usual position in order to allow of the direct drive to be obtained. 
The reverse gears are ordinarily placed below the forward gears, 
sometimes at one end, and at others in the centre of the box. 
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lt is essential that the engine portion of the divided shaft 
should be in correct alignment, and hence two bearings are 
necessary. These are generally both placed at the engine end 
of the gearbox, but occasionally the engine shaft is extended and 
the rear end supported in a ball-bearing within the divided shaft, 
which has also a plain bushed bearing at the front end surrounding 
the engine shaft. Where this construction is not employed the 
front end of the divided shaft may be run either in plain or small 
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Fic. 53.—20-28 h.-p. Armstrong-Whitworth Gearbox. 


ball-bearings, but if the former, careful attention must be given 
to the lubrication of the part. Two ball-bearings may also be 
used to support the propeller shaft extension. Two ball-bearings 
close together are not infrequently used on account of the 
necessarily small dimensions employed, but a double ball-bearing 
is preferable for this purpose, since the equal distribution of the 
load can be better ensured. Ball-bearings, wherever fitted, 
should have their inner races secured tightly to the shafts upon 
which they are placed, and means for locking the nuts of all 
parts must be provided. 

The permanent layshaft wheels have, in a few instances, 
helical teeth, and ball thrust are then necessary on both shafts. 
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They are generally placed at the front end of the box, either 
between the two ball-bearings supporting the engine shaft, but 
more usually immediately after them. The direct drive may be 
obtained by one of these methods. ‘The common method is to fit 
dogs on the next speed wheel (either lower or higher according 
as the direct is on top or not) which are brought into engagement 
with dogs fitted to the engine shaft, or a sleeve attached to or in 
one with the constant mesh wheel on that shaft. In the other 
two forms, either an internal or an external toothed wheel is 
on the engine shaft, sometimes formed in the interior of the 
permanent meshing pinion of the former, and either an external 
toothed wheel (sometimes the next speed wheel) or an internal 
toothed wheel is brought into engagement with it for the direct 
drive. These several points are shown in the illustrations in either 
this book or Vol. I. The edge of the tooth on which the sliding 
and fixed wheels are brought into engagement must be tapered 
_off slightly so as to facilitate gear changing. : 

The arrangement of the striking gear offers little scope for the : 

ingenuity of the designer. The selector lever is usually secured 
to a shaft’ placed above the gears in the upper part of the box, 
and the rods (which are two or three in number according as 
there are three or four forward speeds) are in the lower portion 
of the box. In some designs the sliding fingers move along 
. these rods which are fixed (see Fig. 54), but in others a rigid 
connection is made and the rod and fingers move together 
(see Higs. 51, 52, 58).° For locking- the rods or the fingers 
in position several devices are employed. In Fig. 54 an open 
framework in the form of a sector is pivoted at the bottom and 
the two arms encircle the rods—the method of operation being 
quite clear from the illustration. In Fig. 52 another form is 
seen, which is of the pendulum type, re a different design is 
illustrated. To retain the fingers in the position in which they 
are placed by the selector lever and prevent them from sliding 
about should there be any play, spring loaded balls or plungers 
are employed, which engage in recesses in either the sliding rods 
or the fingers. These may be contained in the casting or in the 
fingers, the former being necessary when the rods themselves 
slide. The details of the connections between the fingers and 
the gear wheels and the striking 10ds may be seen from the 
various illustrations. 
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180. Number of Speeds and which Direct.—In practice the 
number of forward speeds provided are either two, three or four, and 
apparently are determined irrespective of the power of the engine, 
although the lower the ratio of horse-power to the weight of the 
car the more necessary it is to have a larger number of speed 
changes. It would be desirable to have a very wide range of 
gears, especially in small-power cars, as the engines could then 
be run continually at a high efficiency, but because of the increase 
in cost of manufacture and in the size of the box accompanying 
any increase in the number of gears, it is usual to limit them to 
either three or four, although in the case of high-powered cars it 
usually happens that the direct drive is only employed, excepting 
when starting from rest or on hills. The necessity for frequent 
changes of gears becomes more imperative as the power weight 
ratio decreases, since the frequency with which the torque trans- 
mitted to the driving wheels on any particular gears falls below 
that necessary to overcome the resistances offered to the passage 
of the car at the speed which that gear represents is greater. 
The torque should always be slightly in excess of the power 
requirements, otherwise the engine will commence to “ flag”’ and 
eventually slow down. On the other hand, it should be unneces- 
sary to race the engine in order to obtain the maximum speed at 
which the engine is capable of driving the car, neither should 
there be too great a drop of speed between any two gears, and hence 
the appropriate selection of gears is of the utmost importance, 
especially as one naturally drives on the highest gear as long as 
possible in order to economise in the consumption of petrol and 
to minimise vibration. 

With a four-speed gearbox either the third or the fourth may 
be the direct drive, but in a three-speed box it is usual to make 
the top gear direct.. The choice should, however, be influenced 
by the power and weight of the car and the nature of the roads 
upon which it is employed, but it would appear more satisfactory 
for a low-powered car for service in a hilly district, on rough 
roads, or for town use, to make a lower gear than the top the 
direct drive—that is, the speed on which the car will be more 
frequently employed—then, should the resistances encountered 
permit of a higher speed, it may be attained by the use of the 
indirect top. Much will, of course, also depend upon‘the speeds 
of the car represented by the gear ratios, and in most cars 
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manufacturers offer two or three alternative gears—a high, low, 
or a standard gear. In all cases the drop of speed between direct 
and the next below it should be sufficient to allow for the decrease 
in the torque due to the indirect drive. 


181. Gear Ratios—The gear ratios employed on a car are 
principally determined by— 


(a) Weight and type of body fitted. 

(b) Power of engine at normal speed of revolution. 
(c) Car speed on maximum gradient, 

(d) Car speed or direct drive. 

(e) Diameter of tyres fitted. 


If (a), (e) and either (c) or (d) are known, then (b) and either 
(d) or (c) may be found, but if the (a) (d), and (¢) are fixed (as is 
usual) then (c) and (d) must be suitably proportioned, otherwise 
the power will be insufficient to do the work if the car is over- 
geared or too great if undergeared. The minimum horse-power 
of the engine will generally depend upon the speed at which the 
maximum gradient is climbed, but if a car is used for racing 
purposes the wind resistance will largely influence the power 
required. As has been stated in Art. 50, all cars should be 
able to ascend a gradient of 1 in 4, and in determining the gears 
for the direct drive it should be assumed that the car is climbing 
a gradient of (say) 1 in 40 or 1 in 50, as unless this is done it 
may be necessary to change down immediately any little incline 
is reached, or if the conditions are in any way unfavourable, 
such as with a head wind or a little extra load, or if the engine 
is not in perfect condition. It will be clear that the car speed at 
normal revolutions on the direct drive will be only influenced by 
the gearing in the back axle and the size of tyres fitted, but the 
power required will depend solely on the car’s speed and weight 
and the gradient and wind resistances. 

The methods of working where (a) and (c) are given and (b) has 
to be found or where (a) and (b) are known and (d) is required 
are shown in the example Art. 50, but in these the gear ratiosare not 
referred to. It is clear, however, that if the speed of the car on the 
direct is 29°4 miles per hour and on the low gear 7 miles per hour, 
29°4 


the gearbox ratio must be tee 42to 1. Further, a speed of 
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29'4 miles per hour on direct drive is pale oe feet per 
minute, therefore, if the tyres are 810 mm. diameter, and the 
normal engine speed is 1,200 revolutions per minute, the gear 
Paiioun back welcanillthe = _ ane _ 5 . | = 8°87 that 
is (say) a 16-tooth pinion and 62-tooth crown wheel. Such a 
car, if the engine can be accelerated to 2,000 revolutions per 
minute would be able to travel at a speed of 49 miles per hour, 
and at 2,500 revolutions per minute at 61:2 miles per hour should 
the resistances be sufficiently low. If the engine torque is practi- 
cally constant over the range of speeds mentioned the brake 
horse-power developed at teen. speeds would amount to about 
34:2 and 42°8 respectively. 

182. A more general procedure is to work from the torque 
considerations as is outlined below. The tractive effort (F) 
multiplied by the radius (R) of the road wheels is the torque 
required on the live axle shaft to overcome the resistances to 
the car’s motion. The engine torque (T,) multiplied successively 
by the gear ratio (7) and the efficiency of the transmission (e) 
gives the torque on the live axle from the engine. Equating 
these— 


Pe x race. 

Now the value of F = f, +f, +f, where f,, fy, fy are the resist- 
ances offered by the road, gradient and wind respectively. But 
f, = road resistance multiplied by weight of car, f, = weight of 
car (w) divided by the gradient (d) and f,, = kV?A = the force 
obtained from the accelerometer readings as required to overcome 
the wind resistance at the car speed considered. If a series of 
accelerometer readings are not available, the constant k may be 
determined from existing cars, or may be estimated from known 
results, such as those in Arts. 50 to 52 and A is the assumed 
projected area of the car. 

As has been stated in Art. 49, the road resistance may be 
taken as 70 lbs. per ton (0°08125 kilo per kilo) while the 
gradients which it is required that the car should climb are 
known. The probable weight of the car, the size of tyres and 
the transmission efficiency may be assumed and the engine 
torque can be calculated, so that by substitution in the equation 
given above the value of x can be calculated. If F and Rare in 
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Ibs. and inches, then T, will be in lbs. inches, but if in kilos 
and mm., I’, will be in kilos mm. 

Haxample.—lf the weight of the car (fully loaded) is 2,500 lbs., 
the wind resistance equal to a force 0:05 V2, the engine torque is 
1,000 Ibs. ins. at normal revolutions and 810 mm. tyres are to 
be fitted. 


2,50 
Then f, = 27, X 70 = 78 Ibs., f, on low gear == ee 


2,240 
2,500 
625 lbs., and — rae 62°5 lbs. on top gear, f,, = 0°05 V? and 


405 
25° ae 


and (78 + 62°5 + 0:05 V?) —— 


gear. 
On account of its low magnitude the resistance due to the 
velocity of the car is negligible on bottom gear. 


(78 + 625 + 0°05 V?) = 1,000 X x X 0°72 for low gear, 


05 
a le = 1,000 Xa, X 0°75 for direct 


Hence— 
103: X 405 2, 
jo = ey 
IaRn X 60 


For the direct ee vou 54 x 03,3601, and it is now 


necessary to assume a numerical value for V,; or for n (the 
number of engine revolutions per minute). If is 1,250 revolu- 
2r X 405 X 1,200 _ 114 
aX 25°4 xX 63,860 a 


tions per minute V; = 


Therefore" (140 + 0°05 (=) 4 a = (OUR, 
750 2 = 2,230 22 — 10,350 = 0 
5p == BI), 


This is the ratio of bevels in rear axle, and since the total gear 
ratio on low gear is 15°6, the maximum gearbox ratio will be 
4:0, the speed of car on top gear 29°4 miles per hour, and on 
-bottom gear 7°35 miles per hour. 

Having obtained the top and bottom gears the intermediate 
may be found in two ways—either by arranging them in 
geometrical progression, which gives very good results, or by 
assuming that the car will ascend a certain gradient of (say) 
‘Lin 10 for the second speed and 1 in 20 for the third for a four- 
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speed .gearbox, and (say) 1 in 15 for a three-speed gearbox. 
The working will be similar to that which has just been shown to 
find V, if the latter method is adopted—the gear ratio obtained 
will include the rear axle gears, so that to find the ratio of the 
gears in gearbox the result must be divided by the back axle ratio. 
If the former method is employed, the geometric series is 
atar+ta*®+ae+,... fora four-speed box 
and | a@=ber + ar? =. palate for a three-speed box, 
the first and last terms being the bottom and top gears and r 
the ratio between two adjacent gears. In the example worked 
above for a four-speed box, ais 4:0 and ais 1. If the direct 
is on the third speed, the third term would be 1. 
Since a=4andar=1 

7 OD 

7 = 0°63 

Hence a = 4, ar = 2°52, a7= 1585 and ar? =1, the corre- 
sponding speeds being 7°35, 11°65, 18°5 and 29°4 miles per hour 
at normal engine revolutions. 

Having decided upon the ratio of the wheels in the per- 
manent layshaft drive, the ratios of the speed gears may be 
determined. 

Some small adjustment of the ratios will be required in order 
to obtain suitable pairs of wheels to gear together when placed 
in the shafts parallel to each other, and may necessitate the 
alteration of the ratio of the constant meshing wheels. 

183. Gear Shafts——These, as has been previously stated, are 
usually fitted with either four or six castellations or splines, gene- 
rally solid with the shaft, but occasionally where four keys are 
employed are separate therefrom and secured in place by screws. 
Toothed shafts may also be used. The use of separate keys is, 
however, undesirable, as apart from the tendency they have to work 
loose in their seats, there is always some risk that the screws may 
fallout. In the fine toothed form the teeth are rather more liable 
to become distorted than in the commoner type, and hence produce 
jambing. Furthermore, fitting the wheel on the shaft so that 
all the serrations take up the drive without undue play between 
the parts is a somewhat difficult matter. Square shafts are 
to be avoided, as they soon become ill-fitting and have the 
tendency to burst the wheel. 

(rear shafts must be considered in design from the aspects 
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of strength and angular distortion under torsional stress and 
deflection from the thrust between the teeth, which would cause 
bad tdoth action. The latter is, however, usually unimportant 
when the torsional conditions are satisfied with the short shafts 
that’ are now employed, since the load is distributed by the 
sleeves for some distance along the shafts. ‘To ensure longevity 
of the wearing surfaces, it is necessary for them to be hardened 
either direct or by casing; but preferably by the latter method, 
since gear shafts are subjected to exceedingly heavy and sudden 
shocks in service and the elastic core obtained in case- 
hardened material is a great advantage in this respect, while 
the hardened exterior assists in resisting the distortion of the © 
shaft. 

It is necessary, in order to avoid excessive friction between 
the sleeves and the shaft, to reduce the angle of torsion as far 
as possible, and this object may be achieved in three ways, 
by usiog a large diameter, that is, by reducing the stress, by 
using a material having a low percentage elongation, and by 
keeping the sleeves as short as possible. ‘The latter is determined 
by the movement that must be given to the wheels to put them 
in and out of mesh, and is always kept at its minimum value 
in order to prevent excess deflection accompanying long shafts, 
as well as to enable a small gearbox to be used. A low | 
elongation is undesirable, since the capacity of the material 
to absorb shock is diminished and hence a low stress must 
be employed—the factor of safety ranging from 10 to 15. 


Hence twisting moment = ae a 


where f, is aA stress and d is the minimum diameter of the 
shaft, 2.e., at the bottom of the keyways. The determination of 
the auele of torsion of the shaft when subject to this stress 
would be possible with a homogeneous material, but as the 
conditions of loading and the resistance of the material are 
somewhat obscure, it can only be accurately obtained by 
experiment, The keys may be proportioned according to the 
ordinary rules for such parts, but often a uniform depth is 
used for all shafts and the number of castellations varied with 
the size of shaft employed. It will be found that the keys are 
amply strong to resist the shear, but this is required in order to 
limit the intensity of pressure and reduce wear, 
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When the twisting moment is transmitted through the 
sleeves, the equation will be 


Dt — = 
D 

where D and d are respectively the external and internal 
diameters. It should be remembered that the relation between the 
twisting moments on any two shafts is inversely as the number 
of revolutions they make per minute. 

For the diameter of the bolts securing a wheel to the sleeve— 
let n be the number of bolts and r the radius at which they are 
placed. Then the force acting at radius r 
_ Twisting moment 
- radius 
__ Twisting moment 

nx radius 

hompardions Tiusting moment Sere f. 
nx radius 4 
where 6 = diameter of bolt. 

184. Propeller Shafts.—These are designed for torsional Hee. 
and checked in order to ensure that at high revolutions there 
will be no whirling. The greatest twisting moment on the shaft 
from the engine occurs when the car is on the lowest gear, but 
this is limited by the load upon the driving wheels plus the 
torque required to produce the acceleration of the road wheels, 
etc. (See Art. 151). When the gear and bevel pinion shafts are 
not parallel, these may be augmented by a not inconsiderable 
amount due to the attempted acceleration of the car with the 
variations in the speed of the bevel shaft. 

Then if T, is the twisting moment— 

i 3 

i ai 
where dis the diameter of the shaft. The stress should allow 
of a factor of safety of eight at least to be employed. 

But since the material of which the shaft is composed is not 
perfectly. homogeneous, and the weight of the shaft itself will 
cause some deflection, the centre of gravity will not always 
éoincide with the axis of rotation and vibration may aggravate 
this eccentric loading ; hence, as the shaft rotates a centrifugal 
force will be set up tending to cause failure through the bending 
action introduced. This tendency will obviously increase with 


T 
Twisting moment = 16 vA ( 
d 


and the shearing force taken by each bolt 
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the length unsupported, and as the square of the speed, so that 
with the high speeds of rotation now employed, although the 
stress produced by the torque transmitted may be quite 
satisfactory, the diameter must be checked to ensure that. 
whirling will not take place at the maximum car speed. It 
is preferable that the revolutions should be much below the 
critical speed, for the straining action on the shaft combined 
with the vibration from the rise and fall of the axle and 
variations in torque will undoubtedly set up a form of “ whip” 
that must be extremely distressing. 

For a shaft unrestrained at the ends, such as the propeller 
shaft, Professor Morley! shows that the speed at which whirling 
will take place may be found from the expression— 

a ,/gl 

Se eas 

where n = number of revolutions per second, 1 is the length in 
inches, g is the acceleration due to gravity in inches per second, 
E is the modulus of elasticity, I the moment of inertia of the 
section and w is the weight of unit length of the shaft. 

Taking the case of a circular shaft 141in. diameter and 4 ft. long 

ere O22 ANDO Oar et 
ee 0°28 X md* xX 64 
_ 80,000 d 
oe 
we pede 
__ 4,800,000 x 14 
48 X 48 
= 2,600 revs. per minute. 

Probably a speed of 2,000 revolutions per minute would be 
sufficient to produce marked effects upon the shaft. A shaft 
may be considered as freely supported even when resting in 
bearings should such be of short length, especially in ball- 
bearings. : 

185. Bevel and Worm Drives—The procedure in designing 
bevel and worm gearing has been dealt with in Arts. 165, 
and 168, while attention has been drawn to various points in 
connection with these two forms of drive in Vol. I. 


n= 


+ See Morley’s “Strength of Materials,” 
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These gears are almost universally carried in ball-bearings, 
thrust bearings being fitted to take the reaction between the 
teeth. Two sets of thrust bearings are necessary on the worm, 
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and one each side for the wormwheel, in the case of worm 
drives in some cases the thrust for wormshaft are both on the 
game side, but one set only on the pinion and another set at 
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the back of the crown wheel will suffice for bevel gears, although 
two sets are desirable in order to keep the wheels in their correct. 
position with a minimum frictional loss, and the friction at 
the universal joints will produce a thrust in both directions. 
In order that the alignment of the pinion shaft may be retained 
(and this is essential for efficient and quiet operation) two 
bearings as far apart as can be conveniently arranged should 
be provided, but one will be sufficient for the crown wheel since 
the other end of the rear axle shaft is supported near the road 
wheel. In some designs an additional bearing has been 
provided on an extension of the propeller shaft, and is excellent 
because it contributes to the rigidity of the gear. Itis probable 
that such a construction would allow of the use of a single 
bearing at the back of the pinion, as is usual in such cases, 
without detriment. 

The necessity for rigidity in both forms of gear is emphasized 
in order that correct tooth action may be secured, and this is 
especially so with worm drives. Hence, the bearings carrying | 
the axle-shafts are best supported in housings brought out from 
the portion of the differential case in which the pinion is placed 
and well ribbed to stiffen them. Generally, these are made 
solid, but the splitting of the part in halves and providing caps 
to the rear half assist materially in rendering the gear more 
accessible for dismantling. Provision is often available for 
adjusting the position of the thrust bearing for taking up 
any! wear, but such is also necessary for the pinion if the 
best results are to be secured, although it is a distinct advantage 
as regards silence to arrange for such a fitting in either position. 
In worm drives the bearings taking the radial load should 
be brought’ as close up to the worm and wheel as. possible to 
reduce the flexure of the shaft when driving, since bad tooth 
action would be thereby introduced; and the worm shaft should 
be made amply large with a similar object in view as well as 
because any deflection of the shaft must be ultimately trans- 
mitted to the ball-bearings at the ends. This also applies to 
bevel gears, although in this case it is for the purpose of 
reducing the bending moment on the section at the bearings ; 
and since the exact determination of the bending load is some- 
what obscure, the shafts should be increased by about 0°125 in. 
(8 mm.) in diameter above that required for torque alone. ‘To 
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prevent the lubricant from leaking along the pinion on worm 
shaft, a gland should always be provided. 

186. The loads carried by the bearings are in the main due to 
the reaction at the teeth. 

In a bevel gear, if F is the force acting tangential to and 
at the middle of the pitch surface producing ‘the torque, then the 
vertical load on bearings of both wheels is F. This force F, resolved 
in a horizontal direction normal to the pitch surfaces and normal 
to the teeth surfaces, in contact will give components of F tan a 
and EF cosec a where a is the angle of obliquity, while F tan a 
if resolved in the two directions at right angles to and along the 
axes of the wheels will produce forces of 

At the pinion, a horizontal side thrust of F tan a cos ¢ 

a horizontal end thrust of F tan a sin 
At the crown wheel, a horizontal side thrust of F tan a sin ¢ 

a horizontal end thrust of F tan a cos ¢ 
- where ¢ is the angle between the pitch surfaces of the pinion and | 
its axis. 

For worm gears the axial thrust on worm is F’, and on the wheel 
F cot 0, where F is the force acting tangential to the pitch 
line of the worm wheel at right angles the axis of the rear axle 
producing the torque on the shaft, and @ is the pitch angle of the 
worm. .The thrust tending to separate the worm and wheel 
teeth is F tan a where a is the angle of obliquity. The bearings 
must accordingly be selected so as to be of sufficient size to carry 
the highest loads at the highest speed, without possibility of 
failure, and where ball-or-roller bearings are employed should be 
taken from the list of a reliable maker of such parts. 

187. The worm shaft is subjected to both bending and torsion. 
The torque on the shaft is T = Fr cot @ where 7 is the radius of 
the. worm, F' is the force acting at pitch line of worm-wheel, 
and\@ is the pitch angle of the worm. The force producing 
bending is F tan a (see above), and may be considered ag being 
applied at the centre of the shaft between the bearings, which, as 
stated previously, should be placed as close together as possible. 
F tan a 
moment at a section close’to the end of the worm thread, distant: 

: 2 F1 tan a 


1 from the centre of the bearing, will be =o. Then 


The reaction at each bearing will be and the bending 
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knowing the magnitude of the twisting and bending moments 
on the shaft, by substitution in the formula (see Art. 106) the 
equivalent bending moment may be found, and hence the diameter 
of the shaft at this section determined. For any other portion of 
the shaft a similar procedure may be employed, and if it is 
subjected to a twisting moment only, by equating this to the 
resistance of a circular shaft to torsional stress, the necessary 
proportions may be ascertained. 

As has been previously stated, the bending moment on the 
bevel gear shafts near the junction with the wheel is not very 
clear, so the diameters obtained from considering them as under 
pure torsion only will require to be increased slightly to allow 

for this. - 

_ The diameters obtained are those at the bottoms of the keyways, 
and the shafts must be thickened up by an amount equal to twice 
the depth to which the keys are recessed. If coned ends are 
formed on the shafts the dimensions apply to the section midway 
along the lengths of the cones. 

Two methods of mounting the worm are in Figs. 55 and 57 one 
of which shows an overhead drive, while in the other the worm is 
placed beneath the axle. With the former the road clearance is 
slightly increased and a straighter drive obtained without unduly 
inclining the engine or dropping the engine too far below the 
framing, although the effect of the latter is beneficial by giving 
a lower centre of gravity to the chassis. With regard to the 
effectiveness of lubrication, when the worm is beneath the wheel 
it is bathed in oil, whereas, if above, it must rely on the oil 
carried round by the teeth, but in the majority of ‘cars it will be 
found that the acceleration is not so rapid with worm drives as 
with bevel drives, probably due to the oil being more or less 
expelled from between the teeth in both positions. The advantage 
will, however, probably be on the side of the underneath worm, 
as then fluid contact is made between the worm and its casing 
through the oil bath, and hence the heat generated by friction will 
be more rapidly dissipated to the atmosphere thereby maintaining 
the viscosity of the oil. 

188. Differential —The differential is fitted to enable the rear or 
driving wheels of the car to revolve independently, so that when 
the car is turning both wheels will roll upon the ground—the 
inner road wheel slows down and the outer speeds up. ‘lwo 

M.C.E, Y 
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forms employed are shown in Figs. 56 and 57, the former having 
bevel gear wheels, and the latter spur, or face gears. ‘he wheels, 
it will be seen, are carried either in a casing or upon a framework 
secured to the crown or the worm wheel is free to revolve about 
the axle shafts. { 

In the bevel gear differential two wheels are mounted upon the 
ends of the two axle shafts and are in mesh with two, three or 
four other bevels carried on pins by the casing. In the spur 
gear form the small wheels connecting the wheels on the axles 
are arranged in pairs on opposite sides of the axis of the shafts 
(see Fig. 55) being one pinion on each side in mesh with each 
spur wheel, and the two pinions on each side are in mesh with each 
other in order that they may fulfil the purpose for which the gear 
is intended. The bevel type of gear is more used than the face 
gear on account of the larger dimensions that can be given to the 
wheels attached to the axle shafts, as by so doing a stronger 
design is obtained, since the pitch diameter of the bevels may be 
practically as large as the overall dimensions of the pinion and 
spurs of a face gear. On the other hand, the correct contact of 
spur gears teeth is more probable than in bevels—hence the load 
is better distributed. Care is necessary in arranging the pinions 
to see that the direction of rotation is correct. 

The method of attachment of wheels to the axle shafts varies— 
cones, splined ends and squared ends being used. Frequently, 
there is a rigid connection, but in some designs arrangements are 
made so that it is possible to immediately withdraw the shafts 
through the ends. ~ The differential gear can also sometimes be 
dismounted entire so soon as the axles are withdrawn. 

The load upon the gear is the full torque transmitted, since the 
torque on the rear axle is taken through the differential. The 
number of teeth in mesh will be the same as the number of bevel 
pinions employed, or one-half of the number of spur pinions, as 
on account of the small numbers of teeth in these wheels, and the 
difficulty of ensuring contact at all wheels, it is unsafe to consider 
that more than one tooth in each wheel as in mesh. . The pins 
upon which these wheels revolve are subject to shear, and the 
force applied is the torque on the shaft divided by the radius to 
the section considered multiplied by the number of bevels for a 
bevel gear, and the torque divided by the radius to the section 
considered multiplied by 13 times the number of pinions in mesh 
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for a spur gear, since in the latter case there are two sections 
subject to shear but possible bending will increase the stress in 
the part. 

It is advisable to bush these wheels in order to maintain the 
centres, although their speed of revolution, and the work they have 
to perform, is not large. 

The proportions given to the casing or framing in which these 
wheels are mounted must to a large extent be determined by the 
ideas of the designer on account of the complex and diverse 
straining actions to which it is subjected and the great need for 
rigidity; hence, no rule based on strength considerations alone 
can been given for the part. 

189. Live Axles.—At one time it was customary to support the 
road wheels upon the axles, which were in turn carried by the 
axle casing, but at the present day in the majority of cars, they 
are mounted on ball-bearings placed on the outside of the axle 
casing—the drive being taken up by means of splines or keys or 
dogs. This removes all stress from the shafts, except that due to 
torsion, and hence it is only necessary to equate the maximum 
torque on the shafts to the moment of resistance to find the 
necessary diameter. The maximum torque is the weight sup- 
ported by any one wheel multiplied by the coefficient of friction 
between the tyre and the road and the radius of the wheels. 

Therefore— 


and f, should be such that a factor of safety of (say) at least 8 is 
employed. ‘The value of 4 may be assumed to be 0°45. 

In some cases, however, there is in addition a bending moment ~ 
on the end of the shaft due to the method of support. The 
magnitude of this is the product of the weight resting on that 
axle and the distance between the centre line of the wheel to the sec- 
tion at the edge of the bearing, whence, by substitution of the values 
of the actual bending and twisting moments in the formula for 
the equivalent bending moment, the latter can be ascertained and 
the shaft designed to withstand this load. This also applies to 
the cross shafts of chain-driven cars except where the chain-wheel 
is dished inwards sufficiently to bring the centre line of the chain 
in line with the edge of the bearing. The bending moment in 
this case is the maximum pull on the chain multiplied by the 

vez 
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distance from the centre of the chain to the edge of the bearing, 
and a similar procedure may be followed in determining the 
dimensions required for that part. 

he manner in which the connection is made between the axle 
shaft and the wheel is clearly exhibited in the accompanying 
illustrations as well as those in Vol. I. 

190. Axle Casings.—The material used for the axle casing 
depends somewhat upon the construction employed. In general, 
the aim of some designers is to remove all irregularities on the 
exterior as far as possible, so that a smooth surface is presented. 
This conduces to cleanliness because not only are there few places 
into which dirt may lodge but washing down is facilitated. On 
the other hand, a great point is sometimes made of ready access 
to every part, for which reason the casing is split in halves for the 
full length and in a vertical plane, so as to afford the necessary 
rigidity. The casing in such designs is entirely of malleable or 
cast iron, and the two extreme end portions carrying the braking 
gear, springs, etc., are made separate from the main casting. (See 
Fig. 55, Vol. IL.) 

The material that is perhaps most commonly employed is 
pressed steel (in which case the simplest design possible should 
be devised), either entirely or with a differential casing also of 
pressed steel or malleable or cast iron, cast steel or aluminium. 
Much depends upon the details of the design as to whether a 
pressed steel centre is possible or not. In one or two designs 
the casing is of forged steel. Mention must be made of 
the axle where the gearbox is embodied in the differential casing 
—in which ease it is almost imperative that at least the centre 
portion should be a casting. : 

When pressed steel is employed, it is usual to cone the tubes, 
so as to give great strength at the centre, where they join the 
differential casing. The method of attachment of these parts is 
important, and a flange should be formed on the cones so that 
the bolts used are in tension in preference to placing rivets or 
bolts radially, as they are then subject to shear, and it is a 
difficult matter to prevent some little elongation of the holes in 
course of time which will allow the axle to sag in the centre and 
jamb the teeth cf the differential. Brake supporting gear and 
spring pads may be added to the casing by clamping, or by 
casting separate sleeves which carry these parts, and pass over 
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the outside of the pressed tubes, being retained in position by 
riveting, brazing, ete. Since the road wheels are usually over 
the outside of the axle casing, it is necessary to keep down the 
dimensions as far as possible at these positions, to allow of the 
employment of large ball- or roller-bearings without necessitating 
unduly large hubs. The tubular axle casing is occasionally seen 
in some small and medium powered cars, when because of the 
small contact surface at the centre it is essential to employ a tie 
rod beneath the axle. It is, however, desirable to fit a tie rod in 
all cases where an aluminium centre is used, on account of the 
permanent set with alloys of this metal. In cast metal axle 
casings, whether of malleable or cast iron, the end portions 
carrying the spring pads, etc., should preferably be separate from 
the main casting, or else the part to which the wheels are 
attached should be of steel, rigidly secured to the main casing, 
as it 1s imperative that there should be absolute freedom from 
defective metal in any part of the casing. 

Tie rods, where considered necessary, should be provided with 
some means of adjustment, otherwise dependence must be made 
upon the original setting for correct axle alignment, and it is 
well known that steel rod itself sometimes elongates under the 
load carried. The objection to such means is that any adjustment 
should be made only by a qualified person, as it is quite an easy 
matter to nullify the advantages accruing from the device unless 
care is taken in making the adjustment. The lubricants employed 
in the easing are grease and oil. With bevel drives a mixture of 
oil and grease will give good service, but in worm drives oil is 
essential. Grease cups are sufficient at the hubs, as it is only 
necessary to keep the balls or rollers in a greasy condition. 
Where oil is used steps should be taken to prevent it from flowing 
along the shaft, as it may then issue from the casings at the 
ends, diminishing the quantity of lubricant in the differential 
and causing the wheels to become unsightly, and diminishing the 
power of the brakes. Ample sized holes should be provided for 
the insertion of the lubricant, and a plug should be fitted in the 
lowest portion of the casing for the extraction of the same when 
any dismantlement becomes necessary. The ball- or roller- 
bearings at the hubs should be placed as far apart as convenient, 
so that any effects produced by a sideload on the wheels, as when 
skidding, may be minimised. 
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191. Loads on Axle Casirg.—-The loads on the axle casing is 
very complex, and their eflects a matter for speculation, so that 
any consideration from the aspects of strength must be very 
hazy. , Furthermore, on account of the ob=curity of the allowance 
to be made for the methods of fixing the parts together, and the 
construction necessarily employed, the exact distribution of stress 
in the material is practically indeterminate. 

In the first place, an axle casing is a beam supported at the 
ends carrying loads at the spring pads equal to the proportion of 
the weight of the car on the springs at the rear, and a un formly 
distributed load due to the weight of the axle and its attach- 
ments. These will induce a tensile stress in the bottom of the 
casing, and a compressive stress in the upper portion of the 
casing. Ifa tie rod is employed, the casing may be regarded as 
in compression, and the tie rod in tension. In addition, there is 
the load due to the torque transmitted during braking and in 
driving, which if a torque rod or its equivalent be fitted at or near 
the centre of the chassis will be limited to the central portion, 
but which if placed at the sides will be taken for the full length 
of the casing. There are also local stresses induced by the 
reactions at the gear teeth, and at the bearings, and by the braking 
forces. ‘To take account of all these would be laborious if not 
impossible, hence the dimensions given must be such as are 
considered suitable, having regard to those which previous 
experience in similar or somewhat similarly loaded axles has been 
proved to be satisfactory. Asa general rule pressed steel tubes 
and parts vary little from 5 mm. in thickness, but cast metal 
parts should never be made less than this, preferably slightly 
thicker to ensure the free flow of metal through the mould. It 
will be clearly desirable to keep down the weight of the axle 
casing to a minimum, as it is a dead weight upon the tyres—not 
spring supported—and in this the use of a tie rod is of some 
assistance. Shoulda worm drive be employed, it is of the utmost 
importance to obtain as rigid a construction as possible on 
account of its sensitiveness to bad alignment. 

192. Cones, Keys, and Feathers. Cones are formed upon ends 
of shafts for the receipt of gear wheels, ete., in order to ensure 
that the axis of rotation and the axis of the wheel will coincide. 
Ifa parallel end is used there is some difficulty in obtaining a 
perfect fit without the use of a slight taper, and especially is this 
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so in all excepting circular sections, for the wheel rides up on 
the key and takes up any slackness which may be present. But 
small tapers have the disadvantage that the parts have a tendency 
to seize up and render the withdrawal of the shaft somewhat 
troublesome, hence the taper employed should be such as will 
prevent jambing. It will generally be found that a taper of 
from 1 in 6 to 1 in 8 measured on the diameter will give satis- 
factory results. The diameters of shafts required to transmit 
the torque should be taken to be that at the bottom of the keyway 
at the middle of the length of the cone, and a small shoulder 
should be formed just beyond the end of the cone, so that when 
the wheel is in position and screwed home, it will be just clear of 
the collar. 

For the small diameter shafts used in automobile construction 
the proportions of keys and feathers may be found from the 
following :— 

For keys — Breadth = ) = 0:25 D + 0:05 = 0°25 6 4-1. 

Depth =d =0125D + 0:05 =0°1256-+- 1. 

For feathers — Breadth = ) = 02 D+ 0°:05=02 641. 

Depth = d=015 D + 0:05 = 0715 6 +1; 

where D and 6 are the diameters of the shafts in inches and 

millimetres respectively. The keys and feathers should be 

recessed into the shaft by an amount equal to half the depth of 

the key or feather, so that the overall diameter will be equal to 
(D + d) and the core diameter equal to (D — d). 

Keys and feathers should also be checked for strength to resist 
shear. Knowing the torque upon the shaft, the resistance to 
shear is the area of the key at a radius equal to the semi- 
diameter of shaft. If 1 is the length of the key and T is the 
twisting moment— 


i> Boe). 2 x f, = resistance to shear. 
Therefore— 
pe 2 
bf, 


It will be found that so long as the length is not less than 
14 times the diameter for keys, and twice the diameter for 
feathers, there will be sufficient strength. If so large a length 
cannot be arranged for, it is preferable to increase the number of 
keys or feathers than to increase the width. 


CHAPTER XVI 
FRAMES, AXLES AND SPRINGS—TORQUE AND RADIUS RODS 


193. Frame Construction.—The essence of frame construction is 
strength and rigidity combined with lightness—strength to 
withstand the stresses induced by the load carried and produced 
by the flexure resulting from irregularities in the road surface, 
etc.; rigidity in order to prevent the magnitude of the strains 
from being such as would cause disturbance of the alignment of 
the shafting, excessive friction at the bearings, and undue 
distortion of the body; and lightness, so that the weight 
supported and the magnitude of the blows on the tyres, axles, 
ete., may not be unnecessarily high. 

The attainment of these features is, however, not easy, since 
the directions in which the forces are applied are not the same, 
neither are they of a like nature, while reliance on the body, the 
crankease or the gearbox for sufficient strength or rigidity is not 
to be countenanced for one moment. ‘Therefore, if a section is 
chosen such that it is the most economical of weight in one 
direction, it will not be the best for resisting forces acting in 
another direction, and the section most suitable for bending 
stresses offers little resistance to torsional stress. Hence, it is 
usual to employ a pressed steel channel girder for the side 
frames (tubular and wood-filled box steel frames are sometimes 
used for smaller cars), and to fit cross girders, tie rods, gussets or 
channel irons to give the requisite support where the straining 
actions are greatest. Rigidity is assisted by allowing a rather 
higher factor of safety than the nature of the stresses alone 
warrants, although this is at the expense of some additional 
weight. The pressed steel side frames are more economical than 
the other two forms mentioned, since they can be readily tapered 
and shaped as may be desirable or convenient near the ends, and 
the attachment of the cross frames is not difficult ; albeit they are 
less suited for torsional stresses. ‘Tubular frames have the great 
disadvantage that bracing and the attachment of various parts 
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necessitate a great increase in weight. In some chassis the side 
members are supported in a vertical plane by means of tie rods 
placed beneath them somewhat as seen in the case of rear axles, 
but there appears to be little advantage in so doing if pressed 
steel frames are employed as then the whole section of the frame 
is placed in compression. 

194, The Principal Loads to which the chassis frame is subjected, 
other than the supported mass, are as follow: When one wheel 
of the car passes over an obstacle on the road ; one corner of the 
frame is raised and the opposite corner depressed, the whole 
tilting about the other two corners if the frame itself is rigid. 
This tends to twist one side member relative to the other, and to 
resist this several methods are employed: 

(a) A tubular cross girder is fitted between the centre and the 

rear of the chassis—sometimes two are provided, one of 
which may form the rear cross girder. (See Figs. 181 
and 185, Vol. I.) 

() Two channel or cross girders are placed at some distance 
apart with the flanges facing each other and are tied 
together by two tension rods fitted diagonally. (See Fig. 
183;, Vol. 1.) 

(c) One of the intermediate cross members is provided with 
ample webbing on its upper and lower surface where it 
joins up with the side frames ; or, two diagonal struts are 
fitted connecting the centre of the cross girder with the 
side frames. (See Fig. 1, Vol. I.) 

In the case of the front springs, these are usually placed in a 
position directly beneath the frame, and hence only transmit 
vertical forces; but the rear springs, being attached to pivots 
carried out from the side members will tend to twist each side 
member, the magnitude of the twisting moment depending upon 
the extent to which they overhang. If the amount of overhang 
is small (and it should be reduced as far as possible so as to 
reduce the load on the axle casing by bringing the spring pads 
nearer to the wheels), it 1s probable that the stress induced is not 
of sufficient magnitude to need special provision for ; but if large, 
it can be met by fitting a cross girder in the wake of the spring 
attachments, or by placing diagonal girders between the side 
frames and the extreme rear cross girder, or by webbing up the 
rear corners of the frame. These latter will also be needed to 
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resist the racking tendency to buckle the frame in a horizontal 
plane should the resistance encountered by one driving wheel be 
sreater than at the other, or the braking effects be dissimilar, 
and will apply whether a cross spring is employed or not, as they 
may then also have to strengthen the rear cross member, from. 
which the support is taken to the centre of the cross spring, 
against the torsional stress upon it. Where the attachment 
between the frame and the cross spring is through the medium 
of a forged steel extension from the side frames the fitting of 
such parts may be dispensed with. A tubular rear member will 
be sufficient when a rear cross spring is fitted and should then be 
carried by special forgings riveted to the side frames. The dumb- 
irons to the rear end of the rear springs are usually secured to 
the frame by a right-angled attachment, one side of which is 
riveted to the side frame and the other side to the cross member ; 
but such construction is rather for the purpose of strengthening 
the means of attachment, for the cross member at the extreme 
rear is ample to prevent any distortion taking place from this 
cause. An extension of the side frames beyond the rear cross 
member will enable the dumb irons to be dispensed with, but this 
is a somewhat inferior design, on account of the difficulty in 
providing against torque effects. 

Then a support must be provided for the attachment of the end 
of the torque rod. This may be taken at or near the centre of a 
cross girder, or in cases where the torque rods also serve the 
purpose of radius rods the end may be carried by a bracket 
brought out from the side frames. Its position should be 
determined by the front universal joint in the propeller shaft, as 
the propeller shaft and the torque rod should hinge about the 
game axis. 

The supports necessary for the gearbox and engine will depend 
entirely upon the system of suspension employed. With an 
under frame, a cross member, either of channel, U, or of circular 
section, will be required, just after the gearbox, and another in 
front of the engine, but this will be so no matter what the 
construction may be—its function only varying. In the case 
cited, it will serve to carry the underframe as well as to stiffen 
and tie the frame itself, and hence must be of ample dimensions, 


but if the engine is fitted directly upon the side frames, they mill 
only be required to act as a stiffener. 
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The intermediate construction in which the unit system is 
adopted will be obvious. The girders placed after the gearbox 
will, in general, have to be either arched, depressed or given such 
a depth that it is permissible to cut a hole in the flange of 
sufficient size to allow the propeller shaft, etc., to pass through. 

It is usual to narrow the frames. towards the front of the car in 
order to permit of sufficient steering lock on the front wheels. 

_ The result of this is, however, to subject the frame to a twisting 
moment just at the part where the narrowing takes place, so that 
some provision is here necessary. This may take the form of an 
arched cross girder, or the side frames may have their upper and 
lower flanges widened considerably at this point, but in many 
instances both systems are adopted, although some difficulty is 
often experienced in fitting the former without curtailing the 
facility with which the engine can be removed, because it comes 
either just in front of, or above the fly- wheel. ° 

Some account must also be taken of the torque on the frame, 
from the engine, and from the gearbox. Where these are 
supported on cross members by an under frame or as in the 
unit system, the design of the cross girders must involve a 
consideration of the forces introduced thereby. If the engine or 
the gearbox is attached directly to the side frames the forces at 
the crankcase arms can be generally neglected, since they are of 
small magnitude and are applied in, at, or near a point of 
support. But this is not so at the gearbox, because the load and 
the point of application are such that the bending moment in the 
side frames produced thereby are not inconsiderable in some 
cars when on low gear. 

The effect upon the frame as a whole is to depress the near 
side and raise the off side of the chassis, and is resisted by the 
use of transverse members of ample depth, diagonal bracing, 
webbing or tubular cross girders. 

It will be necessary to provide a cross member in the vicinity 
of the radiator to prevent distortion from being communicated 
thereto, and to tie the side frames together. 

195. Since the process of pressing reduces the thickness of the 
metal at corners, and as abrupt changes of form tend to weaken 
the material, all these should be made of ample radii—about 
three times the thickness of the original plate being usually 
sufficient. All rivets and bolts employed for the attachment of 
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any part or in the construction of the frame, if subject to shear, 
should be made of considerably greater diameter than strength 
alone would require, so as to avoid the slotting of the holes 
through which they pass due to excessive bearing pressure ; and 
this may be advantageously arranged for even when in tension, 
so that the load may be distributed well over the plate. ‘Though 
often neglected, it is well to use a supporting or backing plate 
wherever any part is secured to the side members (see Fig. 58), 
so that local distortion owing to frame movements which would 
probably cause the fatigue of the metal may, to a large extent, be 
eliminated. 

Since the lower flange of the side frames is in tension for the 
greater part of its length (and frequently for the entire length), 

no holes should be drilled 
, through it, as its strength is 
thereby decreased. It will be 
generally found to be impos- 
sible to avoid drilling this 
flange, and therefore the width 
snould be increased by an 
amount not less than the 

Teens. diameter of the hole made. 
Preferably, all attachments 
should be through the upper flange, which being in compression, 
and seeing that the rivets should fill the holes, will not impair its 
capacity of resisting stresses of this character. But in most 
cases it is necessary to connect up to the web in order to obtain 
a rigid connection, in which event the holes should be placed 
as near to the centre of the web as practicable, unless the 
section is at, or near a point of support, so as to remove the 
metal from a part where it is least subject to bending stress, 
and care is then necessary to ensure ample strength to resist 
any shearing forces at this section. 

196. Wheel Base and Track.—T'he minimum wheel base is to a 
large extent limited by considerations of convenience of access 
and comfort for the passengers carried and the seating accommo- 
dation to be provided ; and the maximum length, by the facility 
with which the car can be handled in traffic and the necessity of 
having a sufficiently small turning circle. 

The width of the seats from front to back requires to be at 
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least 18 in. and upholstering will increase this to approxi- 
mately 24 in., while comfortable leg room and side doors of 
sufficient width will probably necessitate at least an additional 
21 in. for the rear seats; while a similar dimension will be 
none too large for the driver to ensure the convenience of access 
to brake and gearbox levers, and the freedom of movement 
required for the pedal gear and the steering column. Hence, in 
a four-seater car the distance from the dashboard to the back of 
the rear seat will be at least (say) 84 in. But the position 
of the body and the engine relative to the axles merits some 
attention. For comfortable riding the back of the rear seats 
should be in front of the rear axle, and in order that the load on 
the driving wheels may be a sufficient proportion of the total 
weight of the vehicle, the engine should not project beyond the 
front axle. In addition, both of these contribute to the produc- 
tion of a car with a good appearance. Therefore, assuming 
that the space required for the engine has a length of 24 in., 
the minimum overall length is 108 in. and any reduction 
below this, excepting that brought about by the reduction in the 
overall length of engine, must to some extent curtail the 
measurements given above for the leg room and seating accommo- 
dation, or cause the rear seats to project over the back axle— 
the latter being limited by the necessity of placing the side 
doors sufficiently in front of the mudguards that they give ample 
space for the ingress or egress of passengers. It will be obvious 
that the length assumed as sufficient for the engine will be 
subject to variation with the number and diameter of the 
cylinders. 

Short wheel bases allow of the use of lighter scantlings, 
are easily handled in service and are less expensive, but from 
the necessarily small space available the machinery is more or 
less huddled together, and therefore means of access are not so 
convenient. 

The great drawback attaching to such cars is, however, that 
they have not such an easy motion as those having long wheel 
bases, as the displacements of the body resulting from 
inequalities of the road surface produce more marked effects 
upon the passengers, for although the height through which the 
axle may move is the same in both forms, the angular dis- 
placement is less with the longer wheel base. On the other hand, 
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long wheel bases give plenty of room for access to any part of 
the driving gear, and for the accommodation of passengers, but 
require a larger turning circle unless excessive angles of lock are 
used for the steering wheels, and this is undesirable. 

197. With regard to the wheel track employed, in exactly 
the same way as, and for the same reason that increase in wheel 
base produces easier motion, so also does increase in the track 
of the wheels; while, in addition, the lateral stability of the 
car is augmented and there is therefore less probability of a car 
overturning from any cause. This latter is important, for one 
may recover from a tendency to side-slip, but there is no 
possibility of preventing overturning when once the motion 
has begun. The wheel track must also be sufficient to allow 
the necessary angle of steering lock to be obtained, and as the 
minimum width between the frames is determined by the 
engine and its auxiliaries, it is clear that the wheel gauge, 
steering lock and maximum diameter of wheels must be examined 
conjointly. 

But there still remains a most important factor to be con- 
sidered in fixing the wheel-track, namely, the maximum width 
of the body in the wake of the rear wheels. A low centre of 
gravity is desirable, because it conduces to the stability of the car 
as a whole and gives smooth running, and because the exces- 
sive lateral displacement of the centre of gravity due to the 
wheels passing over stretches of road having a varying trans- 
verse inclination subjects the tyres to hard usage in a direction 
in which loading is very destructive ; and disturbs the free action 
of the springs. 

To enable a low seated body and a narrow track to be 
used it is necessary that the overall width should be less than 
the distance between the inside edges of the tyres, as although 
the turnunder of the body beneath the seats and the shape of 
the tyre may apparently allow of a reduction in the wheel 
track, on account of the vertical movement of the body and 
clearances for mudguards, ete., very little more than this will 
be practicable. 

The seating width per person varies considerably in practice, 
but in no case should there be less than (say) 16 in. per 
person. The whole question, together with that of wheel- 
base, is, however, one that should be decided after consulta- 
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tion with the body-builder; bearing in mind the probable 
seating capacity that will be required, the types of body that 
may be fitted and the advantages and disadvantages of long 
and short wheelbases; as there are so many factors to be con- 
sidered that each case must be determined upon its merits. The 
width of the frame will then be determined by the space 
required for the springs and for the braking gear. In most 
cases the frame is raised over or dropped in front of the rear 
axle. The object in view being the reduction of the height of 
the body above the ground. (See Figs. 180 and 184, Vol. L, and 
Fig. 1 of this book.) 

198. Classification of Loud —One of the greatest troubles to 
the designer is that of the variation in the load that will 
ultimately be carried by the chassis. 

The constant load is that of the driver, the frame itself, the 
engine radiator and bonnet, such portion of the steering gear 
as is carried on the frame gearbox and change speed levers, 
brake levers, petrol and oil tanks, fuel, water and oil and the 
various fittings required for these. It will seen that the greater 
part of this load is borne by the front axles, and hence will be 
of little service in propelling the car. There are also the forces 
acting upon the frame by reason of the various factors 
referred to in Art. 175 and which, although varying indepen- 
dently, yet have a maximum value that may be considered as 
constant. 

The variable load is that due to the number of passengers and 
the luggage carried, and will in some measure be dependent upon 
the seating capacity provided. For ordinary purposes the 
average weight per passenger may be taken at 150 lbs. (63 kilos), 
but the luggage carried will depend upon circumstances being 
governed by the conditions under which the car is employed. 
Spare wheels or tyre accessories, spare parts and tools also 
come under the heading of a variable load since the actual 
weight carried upon the car is not constant. The greater pro- 
portion of this will be carried by the rear axles. 

There still remains the weight of the body, the hood, lighting 
equipment, etc., to be considered. The body weight will depend 
upon the seating accommodation, the type and style of body, 
the material used and the fittings provided. The dimensions 
allowed per passenger will also influence the magnitude of the 
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actual weight of the body greatly. The variation that there 
may be in the other factors mentioned will be obvious, and 
require no further comment. 

It will be clear that the chassis must be strong enough to 
carry safely the maximum load it will probably be required to 
support, and hence entails that a certain amount of additional 
weight must be carried under some circumstances beyond that 
absolutely necessary. This is unfortunate but is unavoidable 
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because chassis cannot at present be turned out to exactly 
suit every condition of loading in service. In all designs an 
endeavour should be made to so dispose the load that the rear 
wheels will take the greater portion. This will be a somewhat 
difficult matter with two-seater cars, but by so doing much 
rasping of the tyres and tendency to side-slip can be prevented, 
199, Materials Employed.—Frames are generally made of 
either mild steel, or of nickel chrome steel. Of these materials, 
the first mentioned was at one time mostly used, but improve- 
ments in the methods of manufacture have reduced both the 
quality and cost of the latter as well as cost of pressing, so that 
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many firms are now employing nickel chrome steel frames. 
Their advantage lies in their superior physical properties and 
ability to resist varying loads, albeit great care is necessary in 
handling the material, since with these steels a small variation 
in the heat treatment produces marked effects upon the finished 
article. Hyen now the cost is high because of the higher 
price of alloy steels and the more severe, gradual and repeated 
character of the pressings which are necessary owing to the 
nature of the material, while the elaborate annealing processes 
to which it is subjected during manufacture will obviously 
contribute to high initial cost. 

The factor of safety employed for mild steel frames is from 
9 to 10 and for nickel chrome steel frames from 15 to 16, 
these higher values being employed partly to obtain increased 
rigidity, partly on account of the indefinite knowledge as to the 
exact effect of the straining actions on the frame and partly to 
allow for defects that may be present in the material owing 
to the distortion produced during pressing. 

200. Frame Design.—In designing the side frames it is first 
necessary to determine the magnitude of the loads the frame 
will be called upon to support, and where those loads will be 
applied, while the probable finished weight of the frame will be 
HP X 33,000 x 12 | 

2a N 
lbs. but will generally be small enough (excepting in high- 
powered cars) to be neglected. The braking torque and the 
limit of engine torque at the gearbox on low gear will be— 

Weight on rear wheels aux radius of tyre divided by the 
bevel gear rates, and one half is taken on each side member, 
the engine torque depressing the offside and raising the near side 
of the frame. These are generally applied at or near the same 
point. 

The maximum torque taken by the torque rod is— 

Weight on rear wheels xux radius of tyre, and hence the 
force acting at end of torque rod is— 

Weight on rear wheels xx radius of tyre 

length of torque rod 

and this force will be halved to obtain the load on each side 
frame. Strictly speaking, this is not correct when the forward 
point of support does not coincide with the longitudinal centre 

M.OC.E. 4 


assumed. The engine torque will be 
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line of the chassis; but so long as it is not far distant the error 
involved is sufficiently small to be of little practical importance. 

Since both side members are made of the same section for 
convenience, that carrying the greatest load is considered in the 
lesign, and this will be the offside member. On a horizontal 
line mark the points of application of the loads and the points of 
attachment of the spiings, and find the bending moments and 
shearing forces at the sections where the loads are applied, and 
plot them on a sheet of paper. Divide the bending moments at 
the various sections by the permissible stress and obtain the 
values of the moduli of those sections. Then equate the values . 
to the moduli of the sections selected (the bending moment curve 
to a suitable scale will represent moduli) and determine the 
necessary dimensions for the depth, using a uniform breadth of 
section and thickness of plate. Make an elevation of the frame 
conforming to these dimensions, taking suitable dimensions at 
the ends for the attachment of the cross girders, etc., and draw 
straight lines through the peaks of the curve, so that the change 
of form is gradual, in order to simplify manufacture. 

Lastly, ascertain that the shearing stress at any section is 
below that allowable, and in so doing the web of the section 
should alone be considered, since the flanges are unable to resist 
this form of stress because of their slender proportions. 

The method of working will be readily seen in the following 
example. 

201. Example.—Tig. 60 shows the loads carried by the offside 
member of a chassis frame. The engine and gearbox are sup- 
ported on an underframe, the forward end of which is carried at 
the centre of the front cross girder and the rear end by a cross- 
girder placed just behind the gearbox, so that the weight supported 
on the former is 820 Ibs. and on the latter 250 lbs. The weight 
of driver and one passenger is taken to be 160 lbs. on each 
frame and that of three passengers in rear seats 240 lbs. on each 
frame. 

Body weight is taken to be 1,200 lbs. distributed over a length 
of 68 in. = 17°65 lbs. per inch, the weight of the frame as 
155 lbs. or 0°5 Ib. per inch per member. The weight of a car 
fully loaded is assumed to be 8,800 lbs. of which 2,200 lbs. is 
taken on-rear axle, the bevel gear ratio being 8°5 to 1, the length 
of the torque rod is 48 in. and diameter of tyre is 820 mm. 
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Force acting on end of torque rod is 
9,200 x 0-45 xX 410 _ sy ae , 
Os An ada = 333 Ibs. (say 840 lbs.), or 170 lbs. on 
each frame. Y 

Limit of engine torque is 

9,200-< 0°45 _ ~K 410 
925745 385 

If the width of frame is 3 feet, the force on each side 

member is 


lbs. inches = 4,567 Ibs. inches. 


Uae ey 
aie a 127 lbs. 
The reactions at the spring attachments will be equal at each 
end of each spring, and thus magnitude may be attained by taking 
moments about (say) the front of the chassis, calling reactions 
at front springs R,; and at the rear springs Rp. 
Ri X 82+ Re X 117+ Re X 155 = (85 X 13) +(160 X 16).+ 
(50 xX 50) + (20 x 75) 
+ (127 x 78) + (125 x 78) + (160 x 82) + (170 x 88) 
+ (240 x 182) + (50 x 149) + (600 x 111) 
+ (775 X 775) 
82R: + 272R, = 166,487°25. 

Total load on the offside member = 1,814°5 lbs. = 2 (Ry + Re). 

Hence Ry + Re = 907'25 
and Ry, = 907'25 — Ro. 

By substitution— 

32 (907°25 — Re) + 272R, = 166,487°25 
Ro =e lbs. 
and Ry = 885 lbs: 

Hence, the reactions at a and d (Fig. 60) are each 335 tbs., 
and at m and r are each 572 lbs. 

202. The bending moments at any section of the frame are the 
algebraic sum of the moments of the forces acting on either side 
of that section (see Art. 19).. Moments having such a direction 
relative to the section under consideration, that their motion is 
clockwise, will be termed +, and those in a reverse direction —. 
If negative they will be plotted on diagram below the line, and if 
positive above the line. ; 

Then B.M. at a = 0, 


B.M. at b = (— 885 x 18) + (18 x 0°5 x 65) = = 
4,318 inch lbs. 
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For the first term, since the reaction at a is anti-clockwise, 
therefore negative, and acts at a distance of 13 in. from b. 
As regards the second term, (18 X 0°5) is the weight of that 
portion of the frame between a and b, andits moment about b is 
the same as that of an equal mass concentrated at the centre of 
gravity of that portion of the frame, that is, at midway along its 
length — 6°5 in. from b. 

B.M. at ¢ = (— 835 X 16) +.(85 x 3) + (16 x 05 xX 8) = 

— 5,131 inel lbs. 
B.M. at d = (— 835 X 32) + (85 x 19) + (160 x 16) 4+ (82 x 
_ 0d:x 16) = — 7,239 inch Ibs. 
B.M. at ¢ = (— 885 X 50) + (— 835 X 18) + (85 x 87) + (160 
x 84) + (50 xX 0° X 25) = — 15,420 inch lbs. 

B.M. at m= (— 385 X 117) + (— 3885 x 85) + (85 x 104) + 
(160 x 101) + (50 X 67) + (20 x 42) + (252 x 89) + (160 
x 85) + (170 X 29) + (117 X 0°5 X 58°5) + (40 X 8°82 x 
20) = — 12,904 inch lbs. 

The procedure employed will be clearly seen from ‘os above. 
Negative moments in this case will mean that the upper side of 
the frame is in compression and the lower side in tension. If the 
forces acting on the left hand side of the sections had been con- 
sidered, positive moments would have been obtained on the 
assumption that clockwise moments are positive. 

Plotting these quantities on a straight line base, the curve 
seen below in the figure is obtained. Supposing that the frame 
is pressed from 72 ton steel, and a factor of safety of 10 is allowed, 
the stress will be 10,000 lbs. per square inch; and since B.M. = 
if Z, the curve will represent the moduli of mee sections if the scale 
is ada by 10,000. 

Next select a section for the frame of suitable thickness and 
width, say channel section of 0°15 in. in thickness and 1°5 in. width. 


Then We (aie) a A Os 
: H 
Be eb ins 6 = 5 — 01d = 1735 and L. =i — 0°3 in. 
Ie Esai 088 
Hence Z = - : = es 
= 0:025 H® + 0°2025 H? — 0:06075 H + 0:006075 


H 
= 0-025 H® + 02025 H — 0:06075 + le 
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The value of the last term can generally be neglected on 
account of its small value with the thin sections of metal 
ordinarily used. 

hen equating Z to the values of the moduli obtained from the 
eurve in diagram. 

For section at 6 :—0°025H? + 0°2025H — 0°06075 = 0°4818 ; 
atc, Z = 0°5191; at d, Z = 0°7239; at e, Z = 1:542; and at m, 
% = 1:2904. By plotting values of H, it may be ascertained 
that the depths of frame at b, c, d, e and m are 1°51, 1°8, 2°5, 
4‘8 and 4:06 respectively. Determine the depths of frame at the 
other points of application of load and insert these as shown in 
diagram, setting out a suitable dimension at some point between 
a and b for the attachment of the dumb iron, at.7 for the attach- 
ment of cross girder and shackle for spring, the heavy line will 
then represent the shape of the finished frame if a straight upper 
surface is used. As a rule, however, the front end between a and 
b is curved downwards, and a set is often put in at or near the 
rear axle. Care should be taken that the width of the frame isin 
no place less than that calculated. 

203. For the shearing force diagram, it has been stated in 
Art. 19 that the algebraic sum of all the external forces on one 
side of any section is the shearing force at that section. 

At a the shearing force is 335 lbs. ; at b it is 835 lbs. minus the 
downward acting force (18 & 0°5) = 828 lbs.; atc itis (835 — 35 
— 8) = 292 lbs.; at dit is (885 — 85 — 160 — 16) = 124 lbs. ; at e 
it is (8385 + 835 — 35 — 160 — 25) = 450 lbs.; and at m it is 
(835 + 335 — 35 — 160 — 50 — 20 — 252 — 160 — 170 — 58°5 — 
852'8) = — 588°3 lbs. _ 

‘hese values should be obtained at every section where a load 
is applied, the results plotted as shown on diagram, and the 
section checked for strength wherever any holes are drilled 
through the web, as for the attachment of cross girders, brackets 
or springs for the passage of rods. 

If it is necessary to pierce the lower flange (that in compres- 
sion) the section at that part must be examined, and where 
necessary the webs should be inereascd by at least the diameter 
of the hole employed. Very frequently it will be found that 
little, if any, addition is required to resist bending and shearing 
stresses. 


204, Cross Girders. etc.— Having determined the general dimen- 
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sions of the side members, it is necessary to arrange for the 
cross girders, webs, fillets, ete., for the purpose of stiffening up 
the frame and preventing distortion and to allow for the indeter- 
minate forces acting upon it, which were referred to in Art. 198. 
These must depend for their position and construction upon the 
judgment of the designer, and as regards their strength in many 
cases experience dictates what dimensions should be employed. 
But where a definite load is supported, as, for example, where the 
front cross girder in example shown supports the front end of the 
underframe and the cross girder behind the gearbox supports the 
rear end of underframe, the part should be designed to carry the 
load. The front member is a beam free at the ends and loaded 
in the middle, while the rear member is a beam free at the end 
carrying a load at two points by the weight supported on the 
underframe and at another point by the force transmitted to the 
end of the torque rod by braking. ‘here is also a force applied 
at the point of support of the brake, but its effect is indefinite, 
and probably only tends to slide the gearbox or other part to 
which it is secured in a transverse direction. In any cass it is of 
little moment, and is allowed for in the low stress always used. 
Hence, by taking moments about thetwo ends and finding the 
reactions at the points of support of these girders for the loads 
mentioned, the stress at any section of them may be determined 
in a manner similar to that already described for the longitudinal 
members. 

205. Springs.—The functions performed by the springs upon 
which the frame is carried have been referred to in Art. 247, and 
the use of shock absorbers has been explained in Art. 248, Vol. I., 
to which the reader should refer. It will be seen that the springs 
serve to absorb the irregularities in the contour of the road sur- 
face, absorbing the shock and giving an easy motion to the body 
as the car progresses.. For this purpose plate springs are 
eminently suitable, as they have great capacity of storing up and 
restoring energy, while the friction between the leaves allows the 
motion to be transmitted gradually to the body, which would not 
be the case were helical springs alone employed. 

The suitability or otherwise of a spring largely depends upon 
its period of vibration, and lengthening the springs or increasing 
the deflection under any given load increases this, but at the 
expense of a greater tendency to roll, and thus introduces effects 
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that are undesirable. Further, a spring suitable for use on 
smooth roads would be less suitable for employment over rough 
surfaces or in a district where granite setts predominate, and as 
cars are not usually confined to one class of road it is obvious 
that, they must be designed to give efficient service under 
varying conditions of road surfaces. This is a difficult matter, 
especially as the weight of the supported mass varies con- 
siderably in practice, while the variation in the speed of 
the car only serves to complicate the matter still further. 
The design must therefore necessarily be based largely on 
experience. 

The object of fitting shock absorbers is to increase the period 
of the springs by introducing an additional frictional medium to 
retard the rise and fall of the axle, and they are especially suitable 
where the road surface is undulating. Supplementary springs 
are fitted in order to absorb the smaller inequalities of the road 
and operate by reason of the fact that there is no frictional 
damping action between the coils of wire composing the spring. 
They thus give life to the springs, taking up the road shocks that 
would be transmitted directly to the body and leaving the main 
springs, which may then be made harder, to perform their 
ordinary function unimpaired. 


206. Helical Springs.—As the result of investigations made by 
Mr. Wilson Hartnell with helical springs for governors, it has 
been found that 60,000 to 70,000 lbs. per square inch (42°2 to 
49°2 kilos per mm.’) is the safe stress for springs of 2 in. 
wire, and 50,000 lbs. per square inch (35°15 kilos per mm.?) for 
% in. wire, while the moduli of rigidity vary from 11,000,000 
for 2 in. wire to 18,000,000 for } in. wire. 

In helical springs the wire is subject to torsion and in spiral 
and plate springs to bending. 

tf d is the diameter or s the length of the side of the wire, D the 


mean diameter of helix, W the load in pounds and n the number 
of free coils, 


a ea AD 
The twisting moment on the wire is we 


° . . T . . 
The resistance to torsion is i6 J@ for circular wire, and 


0°208 j7,s° for square wire, 
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from which, on knowing the stress to be employed, the necessary 
diameter may be obtained. 

If @ is the angle of torsion through which any one coil is twisted, 
5 is the deflection per coil andJis the length of wire in one 
coil— 


oD 
= 0. 
OF Rte. 
Bat ¢@ = Na 1 = rD nearly, and the twisting moment 
Se WD at se 
Ty, een ae 
pee DX 16 
so that f, = moe 
Substituting this value of f, and the value cf @ in 
D 
oi 5 or 
8SWD* 


we have 6 = for round wire. 


‘Nb? 


For square wire—d = w é as before. 


2 
1-456 71.WD a: 3 
@ = TS = 0208 8, 
whence, as before, it may be shown that 
= o.W.D* 
= Net 


The total deflection will be the deflection per coil multiplied by 
the number of free coils. 

It will be observed that round steel is more economical of 
material than square steel. 

207. Plate or Laminated Springs.—This class of spring is used 
in several forms, of which the principal are—the semi-elliptic, the 
full elliptic, the three-quarter elliptic and the cantilever spring. 
The first-mentioned has, perhaps, the most extensive employment, 
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and is found in three forms. In the first the two ends are attached 
to the frame, in the second the two ends rest on the rear axle 
casing and the centre supports the centre of the rear cross 
member, and in the last the front end only is secured to the 
frame and the rear end to a cross spring attached to some point 
on the centre line of the chassis—this latter arrangement being 
only employed for the rear springs. ase 

In some designs, where the three-quarter elliptic is used, the 
upper quarter takes the place of a dumb iron, being directly con- 
nected to the frame. The object of employing these variations of 
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Fra, 61.—12-16 h.-p. Armstrong-Whitworth Front Axle and Steering Gear. 


the commoner semi-elliptic spring is to obtain increased easiness of 
suspension; at the same time the tendency to roll at the corners 
is rather more pronounced, excepting in the cantilever or inverted 
semt-elliptic, although this depends largely upon the design. 
The advantage of the cantilever or Lanchester spring lies in the 
fact that the deflection of the spring, due to axle movement, 
only transmits about one-half of that displacement to the frame. 

The front end of a semi-elliptic front spring is pivoted directly 
on the frame, and is rendered necessary because of the drag of the 
wheels, while the rear end of these springs will be shackled. A 
similar construction is often found at the rear springs, 
but is not imperative, and in some designs both ends are 
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shackled. With the full elliptic springs the centre of the upper 
half is secured to the frame, and to resist the tendency to lateral 
movement a parallel motion is sometimes fitted (see Fig. 189, 
Vol. I.) between the side frames and the differential casing, while 
in the Austin the front end of the spring is hinged on the frame. 
For cross springs, the rear end of the side spring will require to 
be fitted with a shackle allowing movement in two directions at 
right angles, and this should be arranged so as to be in tension. 
It is preferable that all shackles and links be in tension, though 
often this is rather a difficult matter, but is overcome sometimes 
by curling the end of the upper spring over in the form ofa scroll. 
It is advisable to fit a piece of softer metal or fibre on the seats of 
the springs.» Methods of assembling the springs in position are 
to be seen in Figs. 57, 59, 61 and 62, and in Vol. I. 

As a general rule springs are bedded down upon pads formed 
on the upper side of the axle or axle casing (see illustrations), 
but in several instances the underslung type is employed. 

Ample-sized lubricating devices should always be provided and 
of such a form that the lubricant is introduced to the centre of 
the pins, which should themselves have large bearing areas. 
These pins should be provided with some device to prevent turn- 
ing, such as by forming a pear neck under the head or fitting a 
pin stop in that position. 

If the latter is used it is preferable to introduce it by drilling 
through the head so that one halfis recessed into the pin. Some 
means are also necessary to prevent endwise movement or the 
slewing of the laminations. 

End movement may be prevented by a pin passed through the 
centre of the spring (see Fig. 59) or by a pin well up on the 
leaves. The latter will suffice for both end and side displacement, 
but the former will need to be supplemented by clips on the 
springs. 

208. Design of Laminated Springs—The maximum stress 
allowed in springs subject to bending is often up to practically the 
elastic limit of the material, as much as 80,000 lbs. per square 
inch (56°2 kilos per mm.’) being safely carried under maximum 
load with carbon steel. Springs are often so designed that when 
the elastic limit of the material is reached the laminations ar 
straight. : 

The factors to be considered in the design of a spring are—its 
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strength to support the loa, its period to give an easy motion to 
the car and its resilience in order that it may be capable of 
absorbing sufficient energy in operation. ) 

Por Strength asemi-elliptic spring is a beam supported at theends 
and loaded in the centre—therefore the bending moment at the 
point of application of the load will be oe 
supported load and L is the distance between the points of support 
—in this case the pivots or shackles. 

The resistance offered to bending by a rectangular section is 


- bh?f, where b is the breadth and h the depth of the section, and as 


, Where W is the total 


there are several such sections ina laminated spring, the total 


U7 


resistance = % bh?/, where n is the number of plates. 
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in which all the terms on the right hand side will be either known 
or may be assumed, and hence the value of bh? can be 
determined. 

Butitis desirable that a uniform intensity of stress be maintained 
at every cross-section through the spring. In manufacture these 
plates are all bent to the same radius of curvature, that is to say, 
they all have the same curvature on one side of the spring. 
This will cause the outer or under side to be a flatter curve than 
the inside, so that when assembled a space will exist between 
them at the centre until pulled together by the spring clips. 


They then still have the same radius of curvature, and since ‘ = R 


the stress is proportional to a , and the induced stress in all the 


laminations is constant. - 

To maintain this uniformity of stress under load it is necessary 
for the modulus of the section of the spring at any point to be 
proportional to the bending moment, and this is proportional to 
the distance of the section from the points of support. The 
modulus of the section is, however, proportional to the number of 
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laminations in the spring at that section, and hence the number 
of laminations present must decreise as the distance from the 
centre increases. This is arranged for by shortening each 
successive lamination by an amount equal to the distance between 
the ends of the longest leaf divided by the number of laminations. 
This does not, however, give a sufficiently close gradation of the 
modulus of the section, so the ends of each lamination are 
tapered off. 

For Period.—This, as has been previously stated, depends 
upon the kind of road over which the car is employed, the speed, 
the class of vehicle, etc. The time for a complete oscillation may 
be determined from the formula 


toon V1, 


where ¢ is in seconds and / is ae deflection of the spring 
between no load and full load in feet. Mr. Lanchester? states 
that he has “ found in practice that a period slower than 90 per 
minute gives an ample degree of comfort, whereas a period 
quicker than 100, although frequently employed, should be 
avoided where circumstances permit.” These periods corre- 
spond to deflections of 4°35 ins. (110 mm.) and 8°52 ins. 
(93 mm.) respectively. 

The deflection of a semi-elliptic spring may be determined by 
considering only the longest leaf and treating it as subject to the 
total load divided by the number of laminations. ‘lhe central 
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from which h may be evaluated when / is known and Lby substitu- 
tion the value of h may be ascertained. 


For Kesilience.—The energy stored up in the spring when in 


See Proceedings I.A.H., Vol. IL, p. 193. 
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its pesition of rest is the product of one-half of the supported mass 
and the deflection, and this is equal to 
1 Uy nbn: 
6m X volume = 6 x ie 
For successful operation the energy per cubic inch of the 
material when the spring is in this condition should not exceed 
5 feet lbs. and preferably less. 


US ere 
Hence aa 5 5. 
If E = 30,000,000 
f= V30E 


30,000 Ibs. per square inch. 


If only 4 feet lbs. per cubic inch of metal is- stored up in this 
stationary position, the stress should not exceed 26,800 lbs. per 
square inch for the above value of E. This does not indicate the 
maximum stress, for when the spring is deflected in action the 
stress will rise considerably higher. 

209. Fixed Axles.—These may have either an H or a circular 
section, and in the latter form may either be solid or hwlow. I 
the solid circular form is employed, a tie rod is usually placed 
beneath the axle (see Vig. 157, Vol. I.), to render it sufficiently 
strong without excessive weight. in- this part, which is a dead- 
weight on the tyres. : 

The load upon the axle is iin cially vertical, as although 
heavy blows. may be experienced by the tyres, the forces 
acting in a horizontal direction can hardly normally exceed the 
product of the supported weight and the coefficient of friction 
between tyre and road; but these will depend upon the magnitude 
of the obstacles encountered and are largely indeterminate. Tor 
vertical loads, the H section is superior to the circular form, 
which is however equally strong in all directions ; but on account 
of its greater mass, or the difficulty in attaching parts to it 
without adding greatly to the weight, or the possibility of” 
defective attachment with solid or tubular axles, the H section is 
more in evidence. It is generally constructed as shown in 
Figs. 61 or 62, in which it will be noted that the forked end is 
formed upon the stub axle, the end of the front axle being simply 
a boss through which the steering pivot pin passes. This givesa 
cheaper method of manufacture than when the fork is formed on 
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the axle, since it is easier to handle the smaller stub than the larger 
main axle. Padsare provided for the attachment of the springs, 
and the axle is cranked as may be required to secure a low 
suspension for the ‘engine and framing, while allowing the 
necessary clearances for the full vertical movement of the frame, 
etc., without causing contact with the axle. 

The front axle is designed for bending stresses. Let W: and 
Wz be the loads supported and Ly, Ls, be the distances between 
the springs and the centre line of the wheels. 

The reactions at the wheels are 
— We Ue — ty), Ws (Le + Ly) 
ea 21s 2Lig 
— W: (la — In) 4 We (La + Ly) 
re 2L, 2Lig ; 


Then the bending moment at any section may be found by 
considering the forces acting on one side of that section 
exactly as was shown in Art. 202 for the side frames. It will 
be found that the bending moment curve will be a straight line 
between the springs. Usually, the load carried by the offside 
spring is not greatly in excess of that on the near side spring, and 
since the springs are symmetrically arranged on the axle which 
is made of uniform section throughout to take the greatest bend- 
ing moment, it is sufficient to consider them both as equal in 
magnitude to the greater. Under these conditions the reactions 
will be both equal to Wi, and the bending moment at any section 
hetween the points of loading will be constant and represented 
on the diagram by a horizontal straight line of magnitude 
W, = ; 2, 

Then, equating the bending moment to the moment of 
resistance of the section, the dimensions necessary to withstand 
the load can be ascertained. The stress should allow a factor 
of safety of 8 to be employed, and preferably 12 in higher grades 
of alloy steel. To obtain the necessary rigidity in a horizontal 
plane the overall depth of the section in H girders should be not 
more than 1°5 times the greater breadth, preferably the breadth 
and depth should be equal. The thickness of the web of the axle 
should be not less than one-fifth of the breadth. 


210. Stub or Swivel Axles.—These are provided in order to 


Ry 


Rg 
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allow of the steering of the car being efficiently performed. Two 
arrangements with different methods of mounting are seen in 
Figs. 61 and 62, and others are shown in Vol. I. The attach- 
ment to the axle may be either by a forked connection as referred 
to in the previous article, or by the use of a conical or pavallel 
vertical pin formed on the swivel axle, which works within a 
coned or parallel hole in the end of the main axle. The latter 
form is not, however, very often employed. The wheel may run 
on plain bearings or upon ball-bearings—the latter method being 
general in pleasure cars; and not infrequently, a double row 
ball-bearing is placed close up to the junction with the fork 
because this bearing takes the greater load. The two ball-bear- 
ings should be placed as far apart as possible, and rigidly retained 
at their correct distance by a sleeve piece, as shown in the illus- 
trations. If plain bearings are used, it may be assumed that the 
load is uniformly distributed and sufficient area provided so that 
the intensity of pressure does not exceed 200 lbs. per square inch 
(14 kilo per mm.’) in order to keep the side thrust from affect- 
ing the motion of the bearing too much adversely. Roller- 
bearings are for this purpose excellent, while ordinary ball . 
thrusts are cumbersome. 

The load on the axle is usually taken upon a ball-bearing which 
may be placed either within the fork or above it. The swivel 
pins should be hardened, as should also be the bushes in which 
they work, and both must be pinned to prevent rotation. Ample 
lubrication should be employed, and the arrangement must be 
such that it can be assured that the lubricant is being carried to 
the part. Devices hould be provided wherever possible for 
excluding dust and grit which greatly diminishes the length of 
efticient service of the joints. 

In order to reduce the load on the steering gear, and hence the 
effort required to move the wheels, the plane of the wheel and 
centre line of the pivot are not usually parallel, but inclined so 
that the centre line of the pivot meets the ground in the plane 
of the tyre. This may be achieved by either sloping the wheel 
or the pivot independently or in combination. In one other form 
the pivot is placed withia the hub of the wheel, but this, while 
giving perfect steering, is attended by the disadvantage of the 
increased size of hub required. 

The centre line.of the steering pivot should strike the ground 

M.0.H. AA 
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in the plane of the wheel, as previously observed and should 
intersect the plane at a point just in front of the centre 
of area of contact of tyre and road. This necessitates that the 
pivot should be inclined at an angle of 2 or 3 degrees with the 
vertical and is necessary in order that the wheels may “track” 
correctly even though there be a large amount of play at the 
joints, or if by any chance the tie rod should be disconnected in 
running. 

The maximum loads under ordinary conditions of service are 
not excessive, and the proportions are determined rather by the 
necessity for providing sufficient bearing surfaces, symmetry and 
experience. The load on the wheel is proportioned between the two 
ball-bearings fixed over the axle inversely as the distance between 
the centre line of the wheel and the centre line of the bearings, 
but as the inner ball race is usually close up to the centre line of 
the wheel it carries the greater proportion of the load. If 
designed for the bending moment on this basis, the axle will be 
much too weak. 

But there is one condition that must be provided against, that 
is sideslip when rounding a corner or on an incline. When 
the tyres are about to slip upon the ground there is a force 
acting at the point of contact equal to Wy. Hence the bending 
moment is WuR, where W is the supported weight, w is the 
coefficient of friction (say) 0°45, and R is the radius of the tyre, 
and the section of the axle at the edge of the inner ball race 
must be sufficiently strong to withstand it. 


Therefore, WuR = os D*f 


where D is the diameter of the axle at the section considered, 
and f is the stress which should allow of a factor of safety of 8. 
Care should be taken that W, R, D, and f are all in the same 
units of measurement. The axle may then be coned as is 
desired or convenient for arranging the outer bearing. 

This also applies to the steering pivots which are subject to 
shear. The moment WyR is transmitted through the wheel and 


the stub axle and produces a shearing force of ns on the pin 


where L is one-half of the distance between the two sections 


of the pin under shear (or the radius at which the force ig 
applied). 
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2 
The area of the two sections is 


WuR _ wd? 

Therefore sh ae se 

from which the value of A may be determined. jf, should 
allow of a factor of safety of from 10 to 12. 

211. Torque and Radius Rods.—The elementary function of the 
torque rod is to take the reaction of the torque on the axle cas- 
ing, either when running or during braking, while the radius rods 
are fitted so that the driving force at the tyres will be trans- 
mitted direct to the frame and to keep the rear axle in correct 
alignment across the car. 

The arrangements and details employed are very numerous 
In some cases separate rods are fitted to perform the separate 
functions of resisting torque and transmitting the drive, in which 
event the torque rods will be placed at or near the centre of the 
ear and the radius rods towards the side, whilst in others two 
radius rods fitted at the extremities of the axle serve the double 
purpose of torque and radius rods. 

Occasionally the propeller shaft is enclosed by a tube or 
casing, and may take the torque alone or both torque and drive. 
Some designers allow the springs to take the drive, and some 
permit both torque and drive to be transmitted through the 
springs. These do not exhaust the many arrangements employed, 
but serve to show what a multiplicity of designs are possible. 
To cause in any way the load upon the springs to be augmented by 
either torque or drive is, however, considered to be objectionable, 
because a harder suspension must, by so doing, be obtained, 
while in addition the movement of the rear axle is not correctly 
governed, as will be seen later, so that the excessive work 1s 
thrown upon’ the sliding joints in the propeller shaft; albeit it 
has the effect of cushioning the drive, since the flexibility of the 
springs absorbs variations in the torque when running. When 
the springs take the place of radius rods, or instead of both 
torque and radius rods, they will require to be hinged at the 
front end to allow for the deflection, shackled at the rear, while 
if used for torque alone they may be shackled at both ends. In 
both instances the necessity for a rigid connection between the 
springs and the axle is emphasised. 

Wherever a radius rod is used, the attachment to the frame 
AA 2 
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must be pinned and not shackled, while torque rods should be 
connected through the medium of a link, preferably allowing 
movement in a longitudinal and a transverse direction. In 
order that the rise and fall of the axle may be quite free and 
unrestrained, and the movement of the sliding connection in the 
propeller shaft as limited as possible, the front end of all torque 
and radius rods or tubes should be in line with the forward 
universal joint in the propeller shaft. Unfortunately, this is not 
always the case, but it is desirable to obtain such an arrange- 
ment. Further, it is desirable to fit buffer springs on the end of 
the torque rod in order that the drive may be taken up or the. 
car braked gradually, and thus reduce the wear and tear upon the 
tyres. 

The reader may refer to two articles on ‘‘ Torque and Radius 
Rods” that appeared in the Automotor Jowrnal for 20th and 27th 
of January, 1912. 

The torque rods are correctly attached to the axle casing, the 
upper tie rod is in compression and the lower tie rod in tension 
when braking. The limit of braking is reached when the wheels 
just commence to slip upon the ground, and the braking force is 
Wpe—the braking torque being WyR. If the torque rods are 
tangent to a circle of r inches or mm. radius, the thrust on the 


rod is Wy. 2 2, since the rod in tension should take one-half of 


the torque. The rod may then be designed according to Gordon’s 
formula. The bolts or studs attaching the rod to the axle may 
be examined for shear, while the support at the forward end will 
be in tension, the force applied being : 

Wek 

Cie 2rL 
where L is the length between the centre of the axle and the 
point of support. 

For the radius rods the total force acting at both wheels is 
We, and-one-half of this is taken by each radius rod so that the 
Wu 

2 


rod is loaded with an end thrust of , and may be designed 


using Gordon’s formula. 
It should be noted that where torque rods are placed other 


than on the differential casing, the whole of the axle casing is 
subject to torque. 


CHAPTER XVII 
STEERING GEARS 


212. Geometrical Properties of Steering Gear.—The condition 
for correct steering is satisfied when all four wheels roll upon 
the ground without sliding, that is, the wheels all roll about 
the same centre; and since the direction of the two rear wheels 
is fixed, the centre of rotation must lie on the axis of the rear 
axle produced. Therefore, the steering gear should be capable of 
giving such a relative angular motion to the front wheels as will 
cause the axes of the stub axles when produced to meet on the 
axis of the rear axles produced. As a matter of fact, the gear 
now used on automobiles is incapable of imparting these motions, 
and hence some lateral sliding is bound to take place; conse- 
quently, some risk of sideslipping is always present together 
with wear on the tyres. The aim of the designer should there- 
fore be to reduce the magnitude of the error in the steering, 
although his efforts in this direction will be seriously impaired by 
three important factors. Firstly, that the tyre makes contact 
over a surface and not at a point, therefore, even with a perfect 
gear, some slipping would be inevitable; secondly,. that the 
wheels are almost universally set closer together at the front 
than at the rear for the purpose of correcting the disalignment of 
the wheels on account of the elastic strain in the mechanism 
from the drag when travelling. From this cause they may be 
non-parallel to the extent of half a degree when the car is 
stationary; thirdly, the wheels themselves are often sloped so 
that the intersection of the axis of the pivot strikes the ground 
just in front of the centre of area of contact of the tyre with 
the road. 

213. Steering Lock.—The first consideration in the design of a 
steering gear is the maximum steering lock to be given to the 
wheels as this determines the minimum radius of the turning 


circle. 
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Let p be the pitch of the steering centres, w the wheel base, and 
R the radius from the centre of rotation to the centre of the outer 
steering pivot (see Fig. 63). 

Then, in turning, the outer rear wheel will move about a centre 
O, such that the radius of its circle will be OD plus the distance 
between D and the centre of the off road wheel; while the outer 
front wheel will move along a circle of radius OB plus the 
distance between Band the off front road wheel. Thus, the 
minimum space required is OD + OB + 2 (distance between 
B and the centre of the road wheels). The angle of lock 6 to be 
given to the outer steering wheel, or the value of OB may be 
found from 

OB = BD cosec 0, 
1.e., R= w cosec 0. 
Also OD = w cot.d. 

The angle of lock to be given to the inner wheel will depend 
upon the angle of lock at which correct steering is to be pyro- 
duced, and this is considered later. The angle ¢ will always be 
ereater than 0. 

Usually, the radius of the turning circle will be determined by 
the designer, but in some classes of work the maximum turning 
circle is fixed, and the necessary lock to enable the car to turn 
without reversing must then be ascertained. ‘This will be found 
to limit the length of wheel base, especially as the pitch of the 
steering centres cannot be reduced to less than a certain value, 
depending upon the space required for the engine and the 
clearances necessary for the wheels. A small turning circle 
facilitates handling in traffic, but excessive angles of lock are to 
be avoided because of the high loads that may be thrown on the 
gear in using them. It is preferable not to exceed a maximum 
of 40 degrees. 

214. Setting out Steering Gear.—It has been stated in Art. 212 
that the form of steering gear employed at the present day does 
not give perfect action but that the errors should be reduced to a 
minimum. If any system is examined it will be found that the 
point of intersection of the axes is on the forward side of the rear 
axle at the commencement of the movement, but as the angles of 
lock increase, the point approaches the line through the axis of 
the rear axle, the error increasing in so doing up to a certain 
maximum and then decreasing to zero when the line through the 
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rear axle is reached, and then rapidly recedes towards the rear 
with large angles of lock. "Thus, there are three positions of 
correct steering—one when the wheels aze directed straight 
ahead and the car may be assumed to be moving along the cir- 
cumference of a circle of infinite radius, and the other two when 
the axes of the pivots intersect with the axis of the rear axle pro- 
duced at the same point. This always occurs if the angles of 
lock are carried far enough as they should be. , It is therefore 
necessary to first determine the maximum angles of lock desired 
or required, then choose the angle at which true steering is to be 
obtained, and finally to find the proportion that must be given to 
the levers and tie rod, so that the total error involved is partly in 
one direction at the startand partly in the opposite direction at the 
finish. ‘To divide the error approximately equally on the two 
sides the position of correct steering should be taken at between 
0°75 and 0°8 of the maximum lock, and if any other sub-division 
is employed it should be noted that the errors with large angles 
of lock increase much more rapidly than with the smaller angles. 
215.—Let the angle of lock to be given to the outer steering 
wheel for correct steering be known. Then from Fig. 63 the 
relation between 0 and ¢ at the positions for true steering are 
found as follows :— 
ED = BD cot @ and EC = AC cot 
CD = ED — EC = BD cot 0 — AC cot ¢ 
Hence CD = p=wecot 0 —w cot d 
cot ¢ = cot 0 ae 


Ww 


It will be observed that this is quite laa of the lengths 
of the steering arms. 
The length of the tie rod FG is AB — 2AF sina 


= p— 2r sina. 


916.—For the angle a between the steering arms and the axis 
of the vehicle it is necessary to consider the two cases— 

(a) When an internal coupling rod is fitted, 

(b) When an external coupling rod is fitted, 
since the relative motion of the two wheels is not the same for 
both positions of tie rod. 

The dotted lines in the figure represent the gear when in the 
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Fic. 63.—Diagram for Steering Gear. 
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position of true steering. Let 7 be the radius of the steering 
arms and join BH. 


Then — BH? = EH? + EB? 
= HH? + (AB — AEY* 
= HH? + AB? — 2AB.AE + AF? 
= 7 sin? (90 —a — d) + p? — pr cos (90 — a —¢d) 
+r cos? (90 — a — ¢$) 
ie | sin? (90 —a — ¢) + cos? (90 —a — $); + p? 
— 2pr cos (90 —a — d) 
=77+ p*— Ar sin(a+¢)...@) 
__ 7 + (BH)? — (EH)? 
ie Oo) 9 BE 
20? + p? — 2rp sin (db + a) — p? + 4rp sin a — 47? sin? a 
2r 7? + p? — 2rp sin (¢ + a) 
r—psin(¢+a)—p?+ 4rp sin a — 47? sin? a 
V7 + 5? — Qrp sin (6 + a) 
y (1 —2 sin? a)+p 2 sin a — sin (f + a) } 
V1? + p? — Irp sin (6 + a) 
Similarly 


cos HBA = p+ (BH — satin - 
=, p—rsin(¢+ a) 
-— V2 +»? — Arp sin (6 + a) 
Supposing that we use the angle y as a basis of calculation, 
the angle 6 will be the negative error or the angle y the positive 
error. 


Error y = GiBG — @ = G,BA + a — (6 + 90°). 
For internal coupling rods.—Calling the angle GiBH = M and 
the angle G;BA = N, 
Error y = M+N-+a —(0+ 90°) 


r(1—2sin?a)+p 2 sin a — sin (¢ + a) } 
V7? + p? — Qrp sin (¢ + a) 
p—r sin (> +4) 
V7? + p® — 2rp sin (¢ + a) 


cos M = 


cos N = 
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Herons =e ae 
yr (1 — 2sin? a) oye 2 sin a — sin (a —8)} 
V/72 + p* — Ip sin (a + @) 
p— sin (a — @) 
V7? + p? — 2p sin (a — @) 
For external coupling rods. 


Error y = 90° +a —(M+N 4 @) 
r(L—2sin?a)+>p | sing +a) —2sin a) | 


cos M = 


cose N= 


cog ee nee 
= p-+rsin (pd +a) 
cos N = v/ 72 Je p + 2Qpr sin (¢ + a) 
Error 8 = ¢ + a + 90° — (M+ N) 
r(1—2sin® a) +p { sin (a — 6) —2 sin a} 
eos M = Kg + p? + 2rp sin (a — 0) 
cos N= r + psin (a — 6) 


V7? + py? + Qrp sin (a — 8) 

The above expressions appear at first sight to be unwieldly, 
but they are not so in practice. It will be found after some 
experience that it is quite easy to estimate very closely the 
figures which will give the best results. 

It is usual when setting out a steering gear to assume in the 
first instance that the steering arms meet on the centre line of 
the back axle and calculating for this positino then adja as 
may be found necessary. 


It may be noted that a long wheel base reduces the steering 
error. 


217. Steering Levers, Rods, etc.—For true steering the length 
of the tie rod must be determined, so that geometrical 
conditions are satisfied with the values of p, w and r selected. 
The pitch of steering centres and the wheel base will be settled by 
considerations other than those of steering, and the length of the 
steering arms by the convenience of using such a dimension. <A 
limit to the value of 7 for external ae is imposed by the 
desirability of keeping the centre line of the wheel as near to the 
steering pivots as possible, as well as the necessity of employing 
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a relatively large angle of a in order to obtain true steering. 
Hence, a must be determined for an assumed value of r, the 
arrangement being examined to ensure that the necessary clearance 
between the extremities of the lever and the wheel are available. 
Generally, it will be found that with external rods the length of the 
steering arms must be less than with the internal system, but it 


Fic. 64.—Armstrong-Whitworth Steering Gear. 


should be noted that the longer the arms the less the load on the 
rod. 
As regards the relative advantages of the external and the 
internal system, the latter entails subjecting the rod to a compres- 
sive stress in straight ahead running, but removes it to a position 
in which it is guarded against damage in the event of a collision, 
while the load can be reduced; but in many cases it is neces- 
sary to crank the rod in order to prevent fouling--a most undesir- 
able construction in a part under compression. On the other hand, 
the external rod is geometrically superior, can be made straight 
and is in tension. lt may be added, however, that both forms are 
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in compression and tension during steering; as the force applied 
at the steering arm in one direction causes a thrust, and in the 
opposite direction a pull in the rod according as the car is turning 
to the left or to the right. 


MG. 65.—Armstrong- Whitworth Steering Column. 


When the steering pivots are vertical, the use of pins in the tie 
bar are permissible, but if they are angled in order to obtain easy 
steering, it is necessary to use ball and socket joints. Steel tubing, 
with the ends screwed in and pinned or brazed (preferably the 
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former), makes a satisfactory and light construction, but it is 
desirable that some form of adjusting gear is provided, as sooner 
or later some “set”? in the gearis bound to take place and require 
rectifying. This may be corrected by elongating or jumping up 
the rod, but is hardly so ready or so accurate a method as a special 
form of adjustment, such as is seen in Fig. 62. All pins, ball 
joints and surfaces should be case hardened in order to increase the 
wearing qualities of the parts at which motion takes place, and 
they should be protected by leather casings filled with grease, on 
account of their exposed position and the detrimental effects of 
wear in the steering. Slackness at any of the steering connec- 
tions necessitates the continual attention of the driver to the 
steering. 

The necessity of fitting adequate means to prevent the 
possibility of pins from slacking back need hardly be emphasised. 

Buffer springs are usually employed on the ends of the steering 
rod in order to reduce the vibration transmitted to the steering 
wheel due to road shocks. Various forms are employed and are 
fitted in conjunction with ball and socket joints, the latter being 
required to allow for the movement of the steering lever in a 
horizontal or approximately a horizontal plane, and of the lever 
on the steering column in a vertical plane. Generally, one 
spring only is placed on each end, the position being such that 
shock in either direction is taken up but in some designs both 
springs are fitted at one end on opposite sides of the ball. It is 
usual to crank both the steering levers and the actuating lever, 
partly because of the improved appearance, partly to give 
straighter leads to the rods actuating them, partly because of 
the particular construction employed, and partly in order to afford 
ample clearances between fixed and moving parts. The method 
of attachment to the stub axles varies slightly with the form of 
axle pivot, but in general, a pin formed on the end of the lever 
passes through the stub axle, and is secured by a castle nut at the 
back. In all cases it is desirable to fit a key or feather s so as to 
prevent rotation, and this is essential when the levers are cranked. 
In a few designs a single forging suffices for both the steering 
and actuating levers on the offside of the car, but where two 
separate levers are fitted it is usual to attach the steering arms 
to the lower end of the stub axle. The actuating lever should 
be fixed, so that its motion on either side of the centre line 
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is equally distributed from full lock of one wheel to full lock of 


the other. 
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ctor or by screw and nut, but the former 


218. Steering Columns.—The steering ¢ 


either by worm and se 
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is the much more extensively employed. The worm, or thread, is 
mounted upon the hollow shaft passing up to the steering wheel, 
but the thread may be formed on the shaft itself, although this is 
unusual in any excepting solid shafts, and these are rarely seen 
in modern work. The column usually serves to convey the rods 
or tubes actuating the throttle and ignition levers, if hand control 
is provided, and the rods may extend right through to the bottom 
of the column (the usual construction) or threads may be formed 
upon them which move a nut sliding in the interior of the casing 
through the metal of which trunnions pass to levers pivoted on 
the exterior (see Fig. 162, Vol. I.). The angular movement of 
these levers is limited by stops, one arrangement of which is seen 
in Fig. 65, while stops fitted to limit the movement of the steer- 
ing wheel are shown in Fig. 66. It is very desirable to place 
these fittings as near to the source from whence motion is desired 
as possible. 

In order to increase the life of the steering gear where a worm 
and sector type of gear is fitted, the sector is often made of 
ereater length than the working length, occasionally a full wheel 
being fitted. This enables one to turn the sector round to a 
fresh portion of the circumference when wear takes place. It 
will be clear that such is not possible in the case of a screw and 
nut type, because the wearing surface is over the full length of 
the nut, 

In all cases the sector should be separate from the actuating 
shaft so as to facilitate renewal and because the sector is of 
bronze, and the lever of steel. Thrust on the worm should be 
preferably taken up on ball-bearings, and since it acts in both 
directions alternately, two will be required. Often, however, only 
one set is fitted, and in some designs hardened steel surfaces 
are used. But good non-wearing surfaces are essential, in order 
to reduce lost motion.. For the sector, it is generally sufficient to 
rely upon the sides of the boss upon the casing since the end 
thrust on this part is not very high. Means of adjustment of the 
worm may be dispensed with if ball races or hardened rings are 
fitted on both sides of the worm, but if thrust is taken up in this 
manner, on one side of the worm only, some device for taking up 
wear must be provided. 

The casing, which is mounted directly upon the frame, is almost 
universally split down the centre for facility in dismantling and 
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examination, the two halves being secured together by bolts. 
Bearings should be amply large, and the means of lubrication 
sufficient. Preferably, the actuating mechanism should be encased 
in grease to ensure the efficient lubrication of the part and the 
exclusion of grit. 

The angular movement of the steering wheel is usually about 
four times that of the road wheel. Too great a movement is to 
be avoided on account of the necessity for one to be able to put 
the wheels into the desired position of lock as quickly as possible, 
while, on the other hand, too small a movement results in very 
sensitive steering and requires a greater effort to move the 
wheels. To find the velocity ratio of the gear, let m be the 
number of threads on the worm and N the number of teeth in 
the wheel, /, the length of the lever on the steering sector and 1, 
the length of the actuating lever on the axle. Then the angular 
movement of the road wheel is to the angular movement of the 
worm wheel as J, is to 1,, and the angular movement of the worm 
wheel is to the angular movement of the steering wheel as n is 
to N. Hence, the angular movement of the road wheel is to the 
angular movement of the steering wheel as nl,is to N1,, that is— 

Road wheel angle __ nl, 
Steering wheel angle N11, 
Therefore, if the ratio of the two movements and the lengths of 
the levers are known, the ratio of the worm gear can be ascer- 
tained. , 
Thus, if this ratio is 4, 1, = 6 in. and 1, = 9 in. 


Eee =n 9 
4° NX6 
ww 2 1 
N’ 6 


so that if a 3-start worm is employed, the complete wheel should 
have 18 teeth; small numbers of teeth are not a great disadvan- 
tage here, because the question of efficiency does not enter largely 
into the matter. 
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TABLE XVIIW—AREAS OF CIRCLES, ADVANCING BY 10THS. 


Diam, 


Areas. 


WODARDTMEWHOHO 


0 
"7854 
3°1416 
70686 
12°5664 
19°6350 
Q8°2744 
38°4846 
50°2656 
63° 6174 
78°5400 


95°0334 
113097 
132°732 
153°938 
176°715 
201062 
226°980 
254°469 
283°529 
314°160 


346°361 
380°133 
415°476 
452°390 
490°875 
530°930 
572556 
615°753 
660°521 
706° 860 


754°769 
804°249 
855°300 
907922 
962°115 
1017°87 
1075°21 
1134°11 
1194°59 
1256°64 


‘0078 
“9503 
3°4636 
75476 
13°2025 
20°4282 
29°2247 
39°5920 
51°5300 
65°0389 
80 (186 


96°7691 
114°990 
134°782 
156°145 
179°079 
203°583 
229°658 
257°304 
286°521 
317°309 


349°667 
383°597 
419097 
456°168 
494°809 
535°022 
576°805 
620°159 
665084 
711580 


759°646 
809'284 
860°492 
913°270 
967 620 
1023°54 
1081°03 
1140°09 
1200°72 
1262°93 


M.C.E. 


"0314 
1°1309 
3°8013 
80424 

13°8544 
212372 
30°1907 
40°7151 
52°8102 
66°4762 
81°7130 


98°5205 
116°898 
136°848 
158°368 
181°458 
206°120 
232352 
260°125 
289°529 
320°474 


352990 
387°076 
422°733 
459°961 
498°760 
539°129 
581070 
624581 
669°663 
716°316 


764°539 
814334 
865°699 
918°635 
973°142 
1029°21 
1186°86 
1146°08 
1206°87 
1269°23 


“0706 
1:3273 
41547 
8°5530 

14°6220 
220618 
31°1725 
41°8539 
54°1062 
67°9292 
8373230 


100°287 
118°823 
138°929 
160°696 
183°854 
208°672 
235°062 
263022 
292°553 
322° 655 


356°328 
390°571 
426°385 
463°770 
502°726 
543°253 
585°350 
629°019 
674°258 
721°067 


769°448 
819°399 
870°927 
924°O11 
978°679 
1034°91 
1092°71 
1152°09 
1213'04 
1275°56 


1256 
1°53893 
4°5239 
90792 

15°2053 
22°9022 
32°1699 
43-0085 
554178 
69°3979 
84°9488 


102070 
120°763 
141°026 
162°860 
186°265 
211°241 
237°787 
265°905 
295°593 
326°852 


359°681 
394°082 
430°053 
467°595 
506°708 
5477392 
589°646 
633°472 
678°868 
725°835 


774°372 
824481 
876°160 
929°410 
984°231 
1040°62 
1098°58 
1158°11 
1219°22 
1281°89 


‘1963 
1°7671 
4:9087 
9°6211 

15°9043 
23°7583 
33°1831 
44°1787 
56°5471 
70°8823 
86°5903 


103°869 
122°718 
143°139 
165°130 
188°692 
213°825 
240°528 
268°803 
298°648 
330°064 


363°051 
397°608 
433°737 
4717436 
510°706 
551°547 
593°951 
637°941 
683°494 
730°618 


779°313 
329°578 
881°415 
934°822 
989° 800 
1046°34 
1104°46 
116415 
1225°42 
1288°25 


*2827 
2°0106 
5°3093 

10°1787 
16°6190 
24°6301 
34°2120 
45°3647 
58°0881 
72°3824 
88°2475 


105°683 
124°690 
145° 267 
167°415 
191134 
216°424 
243°285 
271°716 
301°719 
333°292 


366°436 
401°150 
437°836 
475292 
514°719 
555°717 
598°286 
642°425 
688°136 
735°417 


784°268 
834°691 
886°685 
940'249 
995°384 
1052°09 
1110°36 
1170°21 
1231 °63 
1294°62 


“3848 
2°2698 
5°7255 

10°7521 
17°3494 
25°5176 
35° 2566 
46°5663 
59°4469 
73°8982 
89°9204 


107°513 
126°677 
147°411 
169°717 
193°593 
219°040 
246°057 
274°646 
304°805 
336°536 


369° 837 
404°708 
441°151 
479'164 
518°748 
559903 
602°629 
646-926 
692°793 
740°231 


789° 240 
839°820 
891:970 
945°692 
1000'98 
105784 
1116°28 
1176°28 
1237°86 
1801°00 


5026 
2°5446 
671575 

11°3411 
18'0951 
26°4208 
36°3168 
47°7837 
60°8213 
75°4298 
91°6090 


109°359 
128°679 
149°571 
172034 
196°067 
221671 
248°846 
277-591 
307°908 
339°795 


373°253 
408°282 
444-881 
483°052 
522°793 
564°105 
606-988 
651°442 
697°466 
745-061 


794°227 
844°964 
897-272 
951°150 
1006°60 
1063°62 
112221 
1182 37 
1244 10 
130740 


BB 


6361 
2°8352 
6°6052 

11°9459 
18°8574 
27°3397 
37°3928 
49°0168 
62°2115 
76°97 

93°3133 


111°220 
130°698 
151°747 
174°366 
198°556 
224°318 
251°650 
280°552 
311°026 
343°070 


376°685 
411°871 
448°628 
486°955 
526°854 
568323 
611°363 
655°973 
702°155 
749°907 


799°230 
850°124 
902°589 
956°625 
1012°23 
1069°40 
1128°15 
1188°47 
125036 
1313°82 


—_——= 
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TABLE XVII.—AREAS OF CIRCLES, ADVANCING BY 10THS—continued. 


Areas. 


on 


1320°25 
1385°44 
145220 
152053 
1590°43 
166190 
173494 
1809°56 
1885 74 
1963°50 


2042, 82 
2123 ‘72 
2206°18 
2290 22 
2375-83 
3463 01 
2551°76 
2642 08 
273397 
2827-44 


2929-47 
3019-07 
3117 °25 
3216:99 
331831 
3421:20 
3525°66 
3631°68 
3739'28 
3848°46 


3959°20 
4071°51 
4185'39 
4300°85 
4417-87 
4536747 
4656°63 
4778°87 
4901°68 
5026 56 


515300 
528102 
5410°62 
5541°78 
5674°51 
5808'81 
5944°69 
6082°13 
6221°15 
636174 


6503°89 
664762 
6792-92 
6939'79 
708823 
723824 
7389'82 
754298 
7697°70 
7854'00 


1326°70 
1392°05 
1458 96 
1527 °46 
1597°51 
166913 
1742 33 
181710 
1893 °45 
197136 


2050°84 
2131-89 
221452 
2298°71 
2384°48 
2471-81 
2560°72 
265120 
2743 25 
2836 °87 


293206 
302882 
3127-15 
3227-05 
3328°53 
3431°57 
3536:19 
3642°37 
3750°13, 
3859: 46 


3970°36 
4082'83 
4196'87 
4312°48 
4429°66 
4548°41 
4668°73 
4790°63 
4914:09 


5039713 | 


5165'74 
5293°91 
5423 °66 
5554°98 
5687°87 
5822'33 
595836 
609596 
6235°14 
6375°88 


651819 
6662°08 
6807754 
6954°56 
7103°16 
7253 33 
7405 07 
7558 38 
7713 26 
7869°71 


1333°16 
1398°67 
1465°74 
1534 °38 
1604 60 
167628 
1749°74 
1824'67 
1901-17 
1979-23 


2058°87 
214008 
2222°87 
2307 ‘22 
239314 
2480°63 
2569-70 
2660°33 
275254 
2846'32 


2941°66 
3038 58 
3137 07 
3237°13 
3338'76 
3441-96 
3546°74 
3653°08 
3760'99 
3870°48 


3981°53 
4094°16 
4208°36 
4324-12 
4441°46 
4560°37 
4680°85 
480290 
4926°53 
5051°72 


5178'48 
5306°82 
5436°72 
5568°20 
5701°25 
5835'86 
597205 
6109°81 
6249°14 
6390°04 


6532°51 
6676°55 
6822°17 
6969°35 
711811 
7268 43 
7420 °33 
757380 
7728 83 
788544 


1339 64 
1495 30 
1472°53 
1541°33 
1611°71 
1683 °65 
175716 
1832-25 
1908 90 
1987-13 


206692 
2148-29 
2231°93 
2315°74 
2401°82 
2489°47 
2578°69 
2669-48 
2761°85 
2855 °78 


2951 28 
304836 
3147-01 
324722 
3349-01 
3452°37 
3557-30 
3663"80 
377187 
3881°51 


3999-73 
4105-51 
421986 
4335-79 
4453-98 
4572°35 
469999 
4815-20 
4938-98 
506432 


516125 
5319°74 
5449-80 
5581°43 
5714°64 
5849°41 
4985°76 
6123°67 
6263:16 
6404:22 


6546'85 
6691-05 
683682 
698416 
7133°07 
7283°55 
743560 
758923 
774442, 
7901°19 


134614 
1411°96 
147934 
1548 30 
1618°83 
1690°93 
1764°60 
1839 °84 
1916°45 
1995 04 


2074'99 
2156°51 
2239°61 
2324-28 
2410°51 
2498 32 
2587 ‘70 
2678 65 
QU71 17 
2865 °26 


2960°92 
3058°15 
3156°96 
8257 33 
3359°28 
3462°79 
3567°88 
367454 
3782'76 
3892'56 


4003-93 
4116°87 
4931'38 
4347-47 
4465712 
4584°35 
4705714 
4827-50 
4951-44 
5076°95 


5204°02 
5332°67 
5462°89 
559468 
572804 
5862'97 
5999°48 
6137°55 
6277°19 
6418'41 


6561:20 
6705°55 
6851°48 
6998°98 
714805 
7298°69 
7450°90 
7604°68 
7760°03 
7916-95 


1352°65 


1418°62 
1486 17 
155525 
1625°97 
1698 23 
177205 
1°47 °45 
1924-42, 
2002 ‘96 


2083 07 
2164°75 
9248 01 
2332-82 
2419-22 
2507719 
259672 
268783 
2780°51 
2874-76 


2970 57 
3067-96 
316692 
3267 46 
3369°56 
347323 
357847 
368529 
3793°67 
8903-63 


4015°16 
4128'25 
4249-92 
4359°16 
4476°97 
4596°35 
4717°30 
4839°83 
4963-92 
5089°58 


5216°82 
5345°62 
5476°00 
5607°95 
574147 
5876°55 
6013°21 
6151-44 
6291°20 
643262 


6575°56 
6720°07 
686616 
7013°81 
7163 °04 
731384 
7466°20 
7620'14 
777565 
7932°73 


1359°18 


1425°31 
1493°01 
1562°28 
163312 
1705 54 
1779 52 
1855-08 
1932-20 
2010-90 


209117 
217301 
2256-42 
2341-40 
2427-95 
2516‘07 
2605°76 
2697°03 
2789-86 
2884-26 


2980°24 
3077-79 
3176°91 
3277 59 
3379°85 
3483°68 
3589°08 
3696-06 
380460 
3914-71 


4026-40 
4139°65 
425448 
4370°87 
4488°84 
4608°38 
4729°49 
485216 
4976°42 
5102°24 


5229°63 
5358°59 
5489°12 
5621°23 
5754°90 
5890715 
6026°97 
6165°35 
6305°31 
6446°84 


6589°94 
673461 
6880" 85 
7028°67 
7178°05 
7329 00 
7481°53 
7635 °62 
779129 
794853 


1265°72 
1432°01 
1499°87 
1569°29 
1640°30 
1712°87 
1787-01 
186272 
194000 
2018 86 


2099°28 
2181-28 
2264°85 
2349°98 
2436°69 
2524-97 
261412 
2706-24 
2799-23 
289379 


2989-93 
3087 °63 
3186:90 
3287°75 
3390°17 
3494°16 
3599°71 
3706°84 
3815°54 
3925'88 


4037°65 
4151°06 
4266°04 
4382°60 
4500°72 
4620°42 
4741°68 
4864°52 
4988-93 
5114°90 


5242°45 
5387157 
5502°26 
5634°53 
5768°36 
5903°76 
6040°73 
617928 
6319°39 
6461°08 


( 
6604'34 
674916 
6895°56 
7043°53 
719307 
734418 
7496 ‘87 
765119 
780694 
796434 


1372°62 
1438°72 
1506°74 
157632 
1647°48 
1720°21 
1794°51 
1870°38 
1947-82 
2026 °83 


2107 ‘41 
2189°56 
2273 29 
2358 58 
2445-45 
2533°88 
2623°89 
2715°47 
2808 62 
2903°34 


2999 63 
3097°49 
3196°92 
3297-92 
3400°49 
350464 
3610°35 
371764 
3826°50 
3936°92 


4048°92 
4162°49 
4277-63 
4394-34 
4512°62 
4632°47 
4753°96 
4876°89 
5001°45 
5127°59 


5255°29 
5384°57 
5515°42 
5647°84 
5781°83 
5917°39 
6054°52, 
6193°22 
6333°49 
6475°34 


6618°75 
6763°73 
6910°29 
7058°42 
7208 11 
7359'38 
7512'22 
7666 °63 
7822°61 
7980°16 


1376°85 
1445°45 
1513°62 
1583°37 
1654°68 
1727°57 
1802*02 
187805 
1955°65 
2034 82 


2115 °56 
2197 ‘87 
2281°75 
2367°20 
2454 *22 
254281 
263298 
2724°71 
2818-02 
291289 


3009°34 
3107 36 
3206°95 
330811 
3410°84 
351514 
3€21-°01 
3728°45 
3837-47 
324805 


4060°21 
4173°93 
4289°23 
4406°10 
4524°54 
4644°54 
4766712 
4889°27 
5014-00 
5140°29 


5268°15 
5397-59 
552859 
566117 
5795'31 
5931:03 
606832 
6207°18 
6347°61 
6489°61 


663318 
6778'32 
6925-03 
7073'32 
722317 
737459 
752759 
7682°16 
7838°29 
7996°00 


a a 
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TABLE XVIIIJ.—CIRCUMFERENCES OF CIRCLES. 


Danes aL Circumferences. 
U zl 2 3 of 5) “6 Jif 8 9 

0 0 “aul "62 “94 1:25 lcov 1:88 2719 2:51 2°82 
1 31k 3:45 BM FE 4:08 4°39 4°71 5-02 5°34 5°65 5-96 
2 6°28 6:59 6-91 1:22 7-53 7°85 816 8:48 8:79 9-11 
3 9:42 9-74 | 10:05 | 10°36 | 10°68 | 10-99 | 11°30 | 11:62 | 11°93 | 12-25 
4 12 56 | 12°88 | 13:19 | 13°50 | 13°82 | 14°13 | 14:45 | 14-76 | 15-08 | 18°39 
. 5 | 15-70 | 16:02 | 16:33 | 16°65 | 16:96 | 17-27 | 17°59 | 17:90 | 18-22 | 18-53 
6 | 1884 | 19°16 | 19-47 | 19°79 | 20:10 | 20°42 | 20:73 | 21:04 | 21-36 | 21:67 
ff 21°99 | 22°30 | 22°61 | 22:93 | 23:24 | 23°56 | 23:87 | 24:19 | 24-50 | 24-81 
8 25:13 | 25°44 | 25-76 | 26:07 | 26°38 | 26°70 | 27:01 | 27-33 | 27°64 | 27-96 
9 28°27 | 28°58 | 28:90 | 29:21 | 29:53 | 29°84 | 30:15 | 30°47 | 30-78 | 31:10 
10 31-41 | 31-73 | 32:04 | 32°35 | 32-67 | 32:98 | 33°30 | 33°61 | 33°92 | 34-24 
ipl 34°55 | 34°87 | 35:18 | 35°50 | 35°81 | 36°12 | 36°44 | 36:75 | 37:07 | 37-38 
12 37°69 | 38°01 | 38-32 | 38°64 | 38-95 | 39-27 | 39°58 | 39-89 | 40-21 | 40-52 
13 40°84 | 41:15 | 41-46 | 41-78 | 42°09 | 42-41 | 42°72 | 43:03 | 43:35 | 43-66 
14 | 43:98 | 44:29 | 44-61 | 44:92 | 45-23 | 45-55 | 45-86 | 46:18 | 46:49 | 46-80 
15 | 47-12 | 47-43 | 47-75 | 48-06 | 48:38 | 48:69 | 49-00 | 49:32 | 49-63 |, 49-95 
16 50°26 | 50°57 | 50°89 | 51°20 | 51°52 | 51°83 | 52°35 | 52°46 | 52-78 | 53-09 
Me 53°40 | 53°72 | 54-08 | 54°35 | 54°65 | 54:97 | 55:29 | 55°60 | 55:92 | 56-23 
18 | 56:54 | 56°86 | 57:17 | 57-49 | 57°80 | 58:11 | 58:48 | 58:74 | 59-06 | 59°37 
19 | 59°69 | 60-00 | 60°31 | 60°63 | 60°94 | 61:26 | 61-57 | 61:88 | 62°20 | 62°51 
20 | 62°83 | 63:14 | 63-46 | 63°77 | 64:08 | 64:40 | 64°71 | 65:03 | 65°34 | 65°65 
21 | 65:97 | 66°28 | 66:60 | 66-91 | 67:22 | 67:54 | 67°85 | 68:17 | 68-48 | 68-80 
22 69°11 | 69°42 | 69°74 | 70°05 | 70-37 | 70-68 | 71:00 | 71-31 | 71°62 | 71-94 
23 T2225 12:50 | 72:88 F319 | 73:5) | 73:82) | 7414 | 7445.1 74-76 | 75:08 
24 Ta 39 | 7:71 | 76:02 | 76°34 | 76°65 | 76:96 | 77-28 | 77-59 | 77-91 | 78:22 
25 78°54 | 78°85 | 79:16 | 79:48 | 79:79 | 80-11 | 80-42 | 80°73 | 81:05 | 81-36 
26 81°68 | 81:99 | 82°30 | 82°62 | 82°93 | 83°25 | 83°56 | 83:88 | 84:19 | 84-50 
27 84°82 | 85°13 |' 85°45 | 85:76 | 86:07 | 86:39 | 86:70 | 87:02 | 87°33 | 87-65 
28 87:96 | 88:27 | 88°59 | 88:90 | 89°22 | 89°53 | 89:84 | 90°16 | 90°47 | 90-79 
29 91°10 | 91:42 | 91:73 | 92:04 | 92:36 | 92°67 | 92:99 | 93:30 | 93°61 | 93°93 
30 94:24 | 94:56 | 94:87 | 95:19 | 95:50 | 95°81 | 96:13 | 96°44 | 96°76 | 97-07 
31 97-38 | 97-70 | 98-01 | 98:33 | 98:64 | 98:96 | 99:27 | 99-58 | 99-90 | 100-2 
32 100°5 | 100°8 } 101-1 | 101°4 | 101-7 | 102-1 | 102°4 | 102-7 | 103-0 | 103-3, 
33 | 103°6 | 103-9 | 104°3 | 104:6 | 104:9 | 105:2 | 105:5 | 105°8 | 10671 | 106-5 
34 106°8 | 107-1 | 107-4 | 107-7 | 108-0 | 108°3 | 108-6 | 109-0 | 109°3 | 109-6 
Bis TOOOR OOM Ozon| WOsse a2 aS eles EQ Wy eA To 7 
36 MESO) PSEA MS Te a4 eON ule 3 ly eG tte On TS? Wa Ss6")) 1:9) 
ai7/ GS lelG2br PaliG: S| lille ele Aa eS Se LTS 4S 8 7%, 970 
38 TNO Sa LO Gee OOm e203 20: Gal 20:9 a) oO eb: | 1218: | s120%2 
39 12275) 1122784) 123-14 284 123-7 | 124:0") 1244 |) F287 | 1250) |) 125-3 
40 125°6 || 125:9) |) 126°2: |. 1266 | 126°9 | 127:2 | 127°5 | 127°8 | 1281 | 128:4 
4] 128-8 | 129-1 | 129-4 | 129-7 | 130:0 || 130-3 | 130°6 |} 131°0 | 131:3 | 131:6 
42 131-9 | 132°2 |) 132°5-| 132-8 | 133-2 | 133:5 | 133°S | 1341) 134-4 ) 134-7 
43 (35:0 [352401 35:7 | 13670" | 136:3) | 136:6 |) 1369") 137-2) 137-6"), 137-9 
44 138°2 | 138°5 | 138°8 | 139-1 | 139-4 | 139°8.| 140°1 | 140-4 | 140-7 | 141-0 
45 141°3 | 141°6 | 142°0 | 142°3 | 142°6 | 142-9 | 148°2 | 143°5 | 143°9 | 144-2 
46 144°5 | 1448 | 145°1 | 145-4 | 145-7 | 146:0 | 146°3 | 146°7 | 147-0 | 147°3 
47 147°6 | 147-9 | 148:°2 | 148°5 | 148-9 | 149-2 | 149:5 | 149°8 | 15071 | 150-4 
48 150:7-| 151-1 | 151:4 | 151-7 | 152°0' | 152°3'| 1526 | 152°9 | 153°3 | 1536 
49 153°9 | 1549 | 154-5 | 154:8 | 155:1 | 155°5 | 1558 | 156-1 | 156-4 | 156:7 
50 | 157:0 | 157°3 | 157-7 | 158-0 | 158°3 | 158°6 | 158-9 | 159-2 | 159°5 | 159-9 


BB 2 
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TABLE XVIIJ.—CIRCUMFERENCES OF CIRCLES—continued. 


Circumferences. 


ae “) ‘] 2 eS “4 5} 6 au 8 1] 
51 160°2 | 160°5 | 160-8 | 1611 | 161°4 | 161-7 | 162-1 | 162-4 | 162-7 | 163-0 
52 163°3 | 163°6 | 163-9 | 1643 | 1646 | 1649 | 165°2 | 165-5 | 165°8 | 166-1 
53 166°5 | 166-8 | 167-1 | 167-4 | 167-7 | 168-0 | 168°3 | 168°7 | 169-0 | 169-3 
54 |) L696 HEB9- 9 E702 7.0750 E09) ee Wee ele iy eaegiee len merlagpaee 
5d L727 TBD TS AL S837 ee OS ale 4aG, lO) 5 |r sas aeb 
GeV ale Wrasse da isle shazey LAGE Teorey IP IUPEHeIL WN IUr/riday| ikeértsk | diate il |) silrasees \l ilise7 
57 | 179:0 | 179°3 | 179-7 | 180-0 | 180-3 | 180-6 | 180-9 | 181-2 | 181-5 |-181-9 
58 182°2 | 182-5 | 182-8 | 183°1 | 183-4 | 183°7 | 184-0 | 184-4 | 184-7 | 185-0 
59 185°3 | 185°6 | 185°9 | 186°2 | 186°6 | 186-9 | 187-2 || 187-5 | 187-8 | 188-1 
60 | 1884 | 188-8 | 189:1 | 189-4 | 189-7 | 190-0 | 190-3 | 190-6 | 191-0 | 191-3 
61 191-6 | 191-9 | 19272°| 192:5 | 192:8 | 193-2 | 198-5 | 193°8 | W941") 194-4: 
62 | 194-7 | 195-0 | 195-4 | 195-7 | 196-0 | 196:3 | 196-6 | 196-9 | 197-2 | 197-6 
63 | 197-9 | 198-2 | 198°5 | 198°8 | 199:1 | 199-4 | 199-8 | 200-1 | 200-4 | 200-7 
64 201°0 | 201-3 | 201-6 | 202-0 | 202-3 | 202°6 | 202-9 | 203-2 | 203°5 | 203-8 
65 | 204:2 | 2045 | 204°8 | 205-1 | 205-4 | 205-7 | 206-0 | 206-4 | 206-7 | 207-0 
SS | 207°3 | 207-6 | 207-9 | 208-2 | 208-6 | 208-9 | 209-2 | 209°5 | 209°8 | 210-1 
67 | 210-4 | 210-8 | 211-1 | 211-4 | 211-7 | 212-0 212°3 | 212-6 | 213-0. | 213-3 
68 | 213°6 | 213-9 | 214°2 | 214°5 | 214-8 | 215:1 | 215-5 | 215:8 | 216-1 | 216-4 
69 | 218°7 | 217-0 | 217:°3 | 217-7 | 218-0 | 218°3 | 318-6 | 218-9 | 219:2 | 219-5 
70 | 219°9 | 220:2 | 220°5 | 220°8 | 221-1 | 221-4 | 221-7 | 229-1 | 229-4 | 299-7 
71 | 223-0 | 223°3 | 223°6 | 223-9 | 224-3 | 294-6 | 224-9 | 295-2 | 995-5 | 295-8 
72 | 22671 | 226-8 | 226°8 | 227-1 | 227-4 | 297-7 | 228-0 | 228-3 | 298-7 | 229-0 
73 | 229°3 | 229°6 ; 229-9 | 230:2 |.230-5 | 230-9 | 231-2 | 231-5 | 231-8 | 239-1 
74 | 232-4 | 232°7 | 233-1 | 233-4 | 233-7 | 234-0 | 234-3 | 234-6 | 234-9 | 235:3 
75 | 235°6 | 235°9 | 235°2 | 236-5 | 236-8 | 237-1 | 237-5 | 237-8 | 238-1 | 238-4 
76 | 238-7 | 239-0 | 239-2 | 239-7 | 240-0 | 240°3 | 240-6 | 240-9 | 241-2 | 241-5 
77 =} 241-9 | 242-2 | 249-5 | 242-8 | 243-1 | 243-4 | 243-7 | 244-1 | 244-4 | 244-7 
78 | 245°0 | 245°3 | 245°6 | 245°9 | 246-3 | 246°6 | 246°9 | 247-2 | 247-5 | 247-8 
79 | 2481 | 2485 | 248-8 | 249-1 | 249-4 | 249-7 | 250-0 | 250-3 | 250-6 | 951: 
80 | 251°3 | 251-6 | 251°9 | 252°2 | 252-5 | 252-8 | 253-2 | 253-5 | 253-8 | 254-1 
81 | 254-4 | 254-7 | 255-0 | 255-4 | 255-7 | 256-0 | 256-3 | 256-6 | 256-9 | 957-9 
82 | 257-6 | 257-9 | 258-2 | 258-5 | 258-8 | 259-1 | 259-4 | 259-8 | 260-1 | 260-4 
83 | 260-7 | 261-0 | 261:3 | 261-6 | 262-0 | 262-3 | 262-6 | 262-9 | 263-2 | 263-5 
8£ | 263°8 | 264-2 | 264°5 | 264°8 | 265-1 | 265-4 | 265-7 | 266-0 | 266-4:| 266-7 
85 | 267-0 | 2673 | 267°6 | 267-9 | 268-2 | 268-6 | 268-9 | 269-2 | 269-5 | 269-8 
86 | 270-1 | 270-4 | 270°8 | 271-1 | 271-4 | 271-7 | 272-0 | 272-3 | 272°6 | 2973-0 
87 | 273'3 | 273°6 | 273:9 | 274-2 | 274:5 | 274:8 | 275-2 | 275-5 | 275-8 27671 
88 | 2764 | 276°7 | 277-0 | 277-4 | 277-7 | 978-0 | 278:3 | 978-6 278°9 | 279°2 
89 | 2796 | 279-9 | 280:2 | 280:5 | 280-8 | 281-1 | 281-4 | 281-8 | 289-4 282°4 
90 | 282-7 | 283-0 | 283:3 | 288-6 | 284-0 | 284-3 | 284-6 | 284-9 285°2 | 285°5 
91 | 285°8 | 286-1 | 286-5 | 386-8 | 287-1 | 287-4 | 287-7 | 288-0 288°3 | 288-7 
92 | 289-0 | 289-3 | 289-6 | 289-9 | 290-2 | 290-5 | 290-9 | 291-2 291°5 | 291°8 
93 | 292-1 | 292-4 | 292-7 | 293-1 | 293-4 | 293-7. | 294-0 | 294-3 294°6 | 294-9 
94 | 295°3 | 295°6 | 295-9 | 296-2 | 296-5 | 296-8 | 297-7 | 297-5 297-8 | 298-1 
95 | 298-4 | 2987 | 399-0 | 299-3 | 299-7 | 300-0 | 300-4 300°6 | 300°9 | 301-2 
96 | 301°5 | 301-9 | 302-2 | 302-5 | 302-8 | 303-1 | 303 4 303°7 | 304-1 | 304:4 
97 | 304-7 | 305-0 | 305:3 | 805-6 | 305-9 | 306-3 | 3063 306°9 | 807-2 | 307°5 
98 | 307°8 | 308-1 | 308°5 | 308-8 | 309-1 | 309-4 | 309-7 310°0 | 310°3 | 310-7 
99 | 3110 | 3113 | 311°6 | 311-9 | 312-2 | 3195 | 319-9 213°2: | 313-5 | 313°8 

100 | 314-1 | 314°4 | 314-7 | 315:1 | 315-4 | 315-7 316:0 


—_—_—_- - 


3163 | 3166 | 316-9 
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TABLE XIX.—CIRCUMFERENCES AND AREAS OF CIRCLES FiOM gy in. TO 528 in. 


Dia. 


ces 
uo 44 
oy 


th att 


KN wor wee 
eS MES! Gh 


ce 


RRO Ly 
>) 


Coho Che 
oer 


BO OH 


ae 


* a oko et 
BALLS Ry te 


eho eho 


aN 


Circum.} Arca, 
“O981 | -00077 
*1963 | -OO307 
"2945 | -0069 
“3927 | “01227 
-4908 | 0192 
‘589 | 02761 
“6872 | 0376 
7854) 04909 
*8835] -0621 
“9817 | -0767 

10799 | -0928 

11781) *1104 

12762] +1296 

1:°3744 | -1503 

14726 | +1725 

15708 | -1963 

16689 | -2216 

L7771)| 2485 

1°8653 | °2768 

1:9635 | -3068 

2°0E16 | °3382 

2°1598)} °3712 

2°258 | 4057 

2°3562| 4417 

2°4543 | -4793 

2°5525 | +5185 

2°6507 | 5591 

2°7489 | 6013 


Dia. | Circum.| Area. 
$3 2-847 |°645 

43 29452 | 69038 
$k 30434 |°737 

1 3°1416 | -°785 

17, 3°3379 | S866 
1d | 3°53843 | 994 

1,3, | 3°7306 | 11075 
14 13927 | 12271 
145, | 41233 | 1-353 
18 | 43197] 1-4848 
ly 4516 | 1:6229 
14 4°7124| 1:7671 
1,% £9087 | L9175 
12 | 51051} 2-0739 
144 BOLE | 2°2365 
12 | p4978 | 24052 
148 | 56941] 2-58 

1Z |} 5°8905|2-7611 
142 | 6-0868 | 2-94183 
2 62832 | 31416 
2A, | 64795 | 33410 
24 | 66759 | 354165 
248, | 68722 |3-7584 
24 70686 | 3°976 
235 72649 | 4°2 

23 74613 | 4:4302 
275 76576 | 46°64 
24 17854 |4:9087 


) Dia. 


Se) 


k=) 


oe 


BRON bce oe, 
Cee 


foro) 


ot 


ea) 


a 


SR HL oH, 


] 


oR CRE. 
= bs 


JR HoH Bo on 
a OR one lon 


oe 


Cath oleae ROSS RS RSMO I RS MORO SC Ml NOM OM SSO SO) 
kn 
of 


Ree. od 


3 111°977 


Cireum, 


805038 
82167 
$443 
86394 
8°8375 
9°0321 
9:2284 
94248 
96211 
9°8175 
LO-O14 
10°21 
LOA06 
LO-602 
LO-799 
LO-995, 
11-19] 
11°388 
L1-584 
11°781 


12'173 
12°369 
12°566 
12-762 
Le 959 
13°155 


Area, 


14-606 
15:033 
15-465 
15-904 
16°394 
16°8 
17-257 
tie 
18°19 
18665 
19-147 
19-635 
20:129 
20°629 
21°135 
21°647 
21166 
22°69" | 
23221 
23°758 
24301 
24°85 
25°406 
25:967 
26°535 
27°108 
27-688 


Area, Dia. | Cireum. 
ee | ee ee 
B-1Lb7e|) 4 qe | 13-547 
SAiLo| 48 | 18-744 
5°672 dag | 13°94 
59395 43 14137 
62126 1395 14°333 
64918} 42 | 14529 
67772 444 14:725 
70686) 42 | 14922 
73662 443 L5i19 
76699 1g 15:31 
T9798 442 157511 
8:2957|| 5 15:708 
8-618 Day 15-904 
89462] 54 | 161 
92807 Deh. 16°296 
9-621] oF 16°493 
9968 D5 16°689 
10°32 52 | 16°886 
10679 be 17-082 
11-044 54 17:278 
11-416 D395 17:474 
11:793 || 58 | 17-671 
12°177 544 17°867 
12°566 || 52 | 18-064 
12-962 513 18°26] 
13364 |] 5E | 18-457 
13°772 D+e 18°653 
14-186 


13°351 


TABLE XX.—D&CIMAL 


FRACTIONS OF 


A LINEAL 


INCH IN 


MILLIMETRES. 


[ 
Inches Mra, Inches. Mm. 
‘Ol “254 53h 5-334 || 
“02 “508 +20) 5588 || 
03 762 ‘23 5842 | 
“O4 1-016 || -24 6096 
“O5 1-270 “25 6G B50 | 
06 1:254 || -26 6604 
‘07 1:778 || -27 | 6-858 || 
‘U8 2032 28 TAL2 || 
“09 2-286 29 7366 
10 2-540 30 7620 
Gh i} 2°794 3} 7874 
12 3-048 “32 8-J28 
13 | 3302 || -33 | 8-282 
“14 3°556 || 34 8-636 | 
15 3810 “35 8890 | 
“16 4-064 *B6 9-114 
‘17 | 4318 || 37 | 9398 || 
18 4°572 38 9652 |) 
“19 4°826 “BY 9-906 
20 5080 “40 10°160 


S: | Min. 


|) Inches. | Min. Inche 
‘41 | 10-414 ‘61 | 15-494 
ZY 10:°668 “62 | 15°748 
43° | 10°922 *63 | 16°002 
SAN een, ‘64 | 16256 
“45 | 11-430 “65 16510 
AG 11-684 “66 | 16-764 
‘47 | 11-938 || -67 | 17-018 
48 | 12-192 ‘68 | 17:272 
49 12-446 100) 17526 
"50 | L2e700 ay We MS ifs\8) 
51 | 12-954 ‘71 | 18-084 
en we S0hs) ate 18-288 
53 | 13-462 ‘73 | 18542 
D4 13°716 “74 18-796 
5D 13-970 75 19-050 
56 | 14-224 716 19°04 
iT =| 14478 iT 19-558 
ats) 14°732 78 19°812 
59 | 14:986 ‘79 | 20-066 
“60 | 15-240 “80 | 20:320 


{ 


Inches, 
| 


“Si 
*82 
83 
“St 
85 
“SO 
‘87 
“88 
| +89 
|, *90 
9) 
+92 
93 
“94 
“95 
“96, 
“97 
| ‘98 
“OY 
| 1-00 


Min. 


20-574 

20898 
Ooms 
21-336 
21-590 
21-844 
22: 098 


22-860 
23°114 
23°368 


246388 
24892 
25:146 
25°400 
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TABLE XXI.—INCHES AND FRACTIONS WITH MILLIMETRE EQUIVALENTS. 


In. Min. Tne Mth. In. Mm. In. Mm. In. Mm. 
eI “79 142 38°89 3m 76°99 447 115°09 6a5 153:19 
As 1:58 19; 39°68 34 77°78 49;.. | 115°88 625 153°98 
& 9°38 123 40°48 325 78°58 dae 116°68 62; 154°78 
2 3:17 ie 41°27 eu 79°37 48 117-47 63 155°5T 
ds 3°96 124 42°26 3d 80°16 424 118-26 63; 156°36 
He 4°76 1 42°66 33, 80°96 Ase 11906 625 15716 
le 5°55 ies 43°65 Bue 81°75 423 119°85 635 157°95 
2 6°34 2 44-44 32 82°54 43 120-64 64 158'74 
2 714 i128 45°24 32; 83°34 425 121°44 635 159°54 
5 793 28 46°03 35, 84°13 418 122-23 65; 160°33 
Ey) 8°73 138 45°83 343 84°93 423 123-03 633 16113 
3 9°59 12 47°62 33 85°72 Ag 123°82 62 161°92 
a2 10°31 129 48°41 313 86:51 439 124-61 633 162°71 
ve Wi 1s 49°21 376 87°31 415 125741 6 163°51 
15 11:90 123 51°00 318 88°10 452 126°20 633 164°30 
3 12°69 2 50°79 32 88°89 5 126°99 63 165°69 
43 13°49 Qdy 51°59 324 89°69 5s 127-79 6 165°89 
©. 14:28 ae 52°38 2s 90°48 Bails 128°58 625 166°68 
ae 15°(8 23; 53°18 322 91°28 535 129-38 643 167°48 
5 15°87 on 53°97 38 92°07 5s 130°17 6g 16827 
on 16°66 DES 54°76 324 92°86 535 130°96 624 169°06 
#2 17°46 23, 55°56 332 93°66 53 131°76 614 169°86 
82 18:95 || 2% 56°35 || 323 9445 || 53h 13255 || 633 170°65 
3 19°04 22 5714 32 95°24 53 133°34 62 171°44 
35 19°84 22; 57:94 325 96:04 53> 134:14 635 17224 
is 20°63 25; 58°73 ie 96°83 5x5 134-93 613 173°03 
an 21°43 O14 59°53 323 97°63 533 135°73 623 173°83 
z 22°99, 98 60°32 32 98°42 58 136°52 62 174-62 
ag 23-01 g13 61-11 329 99°21 533 13731 623 175°41 
15 3-81 || 2s 61°91 || 3:3 | 100-01 || 5% | assat || 6s | 176-21 
#3 24°€0 948 62°70 334 190-80 538 138-90 624 177-00 
1 25°39 4 63°49 4 101°59 53 139°69 T 197-79 
lds 26°19 235 64:29 a 102°39 533 140°49 Tay 178°59 
1d 26°98 || 2% 65°08 43, 10318 |} 5r6 141-28 Te 179°38 
16 27-78 233 (5°88 43, 103-98 533 142°08 Tes 180°18 
14 28°57 28 66°67 4 104°77 53 142°87 Tx 180°97 
an 29:36 924 67°46 45, 105°56 5ah 143°66 Ve 181:76 
16 30°16 gat 68°26 43 106°36 54g 144°46 133 182:56 
19 30°95 228 69°05 45 107°15 533 145-25 Ids 185°35 
wi | mm | at | eo [ok | oom | ow | set [oy | oe 
2 32 & 74 533 146°84 TBs 18494 
vs 33°33 943 71°43 43; 109°53 5ag 147°63 Tee 185°73 
183 34°13 225 yore) 443 110°33 523 .148°43 me 186°53 
= 34°92 On 73°02 43 11112 5g 149-22 72 187°32 
18 357 929 73°81 413 11°91 538 150°01 733 188*11 
ie 36°51 || 218 7461 |] 437, 11271 || 548 150°81 |) 74% 188'91. 
. ee 2 ee p ae 5b | 151-20 73§ | 189-70 

6-19 2 z 6 152°39 7h 190°49 
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TABLE XXI,—INCHES AND FRACTIONS WITH MILLIMETRE 


Min. 


191°29 
19208 
192°88 
193°67 
194°46 
195°26 
196°05 
196°84 
197°64 
198°43 
199°23 
200°02 
200°81 
201°61 
202°40 
203°19 
204°99 
204°78 
205°57 
206°37 
207°16 
207°96 
208°75 
209°55 
210°34 
211°13 
211°92 
212°72 
213°51 
214°31 
215°10 
215°90 
216°69 
217°48 
21527 
219°07 
219°E6 
220°66 
221°45 
222°25 
223°04 
223°83 
224°62 
225°42 
226°21 
227-01 
227°80 
228'59 
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mL OO, GF OH os, 
Pt age wi aH gt 
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APPENDIX 


EQUIVALENTS —centinued. 


Aue Gi| ealbals Min. In Min. In 
299'39 1023 | 267-49 124, | 305:59 1333 
230°18 108; | 268°28 123, | 306-38 13,2 
930°97 1032 | 269°07 123, | 3807-18 1328 
931-77 103 269°87 195 307°97 138 
232°56 1034 27C°66 125>'| 308'76 1333 
233°36 1022 | 271-46 12,3, | 309-56 1334 
234-15 1023 | 272:25 12%, | 310°35 1322 
234-95 102 273°05 122 31114 132 
235°74 1028 | 273°84 122, | 311-94 1325 
936°53 1032 | 274°63 128, | 312°73 1328 
37°32 102% | 275749 Jatt | 313°53 132% 
938'12 10% 276°22 128 314°32 132 
938-91 || 103 | 277-01 |) i939 | 315-11 || 1ng9 
239°71 1028 | 277°81 12%, | 31591 1315 
240°50 1034 | 278°60 1215 | 316°70 1382 
241°30 11 279°39 122 317°49 14 
242-09 113, | 280-18 1913 | 318:29 1434, 
242°88 liz; | 280°98 12,9, | 319°08 147 
243°67 11g | 281°77 1219 | 319°88 148, 
244-47 11g 282°57 125 320°67 142 
24526 llgz | 283°36 1924 | 321746 145, 
246'06 113; | 28416 ig} | 322'26 143, 
246°85 11g | 284°95 1228 | 323°05 14275 
247°65 ane: 285°74 123 323°84 144 
248°44 ly | 286753 1925 | 324-64 142, 
249°23 Lig | 287-33 jag | 32543 145; 
250°02 1143 | 28812 1927 | 326°23 1432 
250°82 11g 288°92 122 327°02 148 
25161 1133 | 289-71 1229 | 327°S1 1423 
952°41 11; | 290-51 qos | 328°61 14,75 
9532) 1138 | 291°30 |] 1382 | 329°40 1435 
253°99 113 292-09 13 330°19 144 
254°78 1133 | 292-88 134, | 330°99 1442 
255°28 112; 293°68 1gyak 33178 14,9, 
256'37 1128 | 294°47 13.8, | 332'58 1449 
25717 11g 295°27 133 Sdolon 145 
257°96 1123 | 296'06 13.8, | 334'16 1433 
258°76 1122 | 296-86 13,8, | 33496 1412 
59°55 1123 | 297-65 13g, | 385°75 1422 
260°35 173 298'44 134 336°54 143 
26114 || 1128 | 299-23 |] 139;°| 337°34 || 1435 
261-93 1133 | 300-03 13,8; | 336713 1438 
262°72 1133 | 300°82 1324 | 338°93 1423 
263°52 11g 301-62 138 339°72 142 
264'31 1128 | 30°41 1313 | 340°51 1439 
265°11 1178 | 303:21 ie || eyateyl 1415 
265°90 1124 | 304:00 1345 | 342°10 1483 
266°70 12 304°79 13% 342°89 15 


a 


Mm. 


343°69 
344°48 
345°28 
346°07 
346°86 


» 347°66 


348°45 
349°24 
350°04 
350°83 
351°63 
352°42 
353°21 
354°01 
354°80 
355°59 
356°39 
35718 
357°98 
358°77 
359°56 
360°36 
361715 
361°94 
362°74 
363°53 
364°33 
365°12 
365'91 
366°71 
367°50 
368'29 
369°09 
369°88 
370°68 
37147 
372°26 
373°06 
373°85 
374°64 
375°44 
376°23 
87703 
37782 
378'61 
379°41 
380°20 
380°99 


APPENDIX 


TABLE XXII.—EQUIVALENT VALUES OF MILLIMETRES AND INCHES, 


Inches. 


1-0236 
1:0630 
11024 
11417 
11811 


12205 
12598 
12992 


Milli- 
metres. 


| 


ares 
Nore 


43 


OUR Ww We 


| ————+ 
16142 | 81 3°1890 121 4°7638 161 6°3386 
16536 82 3°2284 122 4°8032 162 6°3780 
16929 83 3°2677 123 4°8426 163 64174 
1:7323 84 3°3071 124 | 4°8819 164 6°4568 
NEALE 85 3°3465 125 49213 165 64961 
18110 | 86 | 3°3859 126 4:9607 166 | 6°5355 
18504 87 3°4252 127 50000 167 65749 
18898 88 34646 128 50394 168 66142 
1:9291 89 3°50 40 129 50788 169 6°6536 
19685 90 35433 130 51182 170 | 6°6930 
2:0079 | 91 3°5827 131 51575 171 6°7323 
2:0473 92 3°6221 132 51969 172 67717 
20866 93 36614 133 52363 173 68111 
2°1260 94 3°7008 134 5°2756 174 6°8505 
21654 95 3°7402 135 5°3150 175 6°8898 
2°2047 | 96 37796 136 53544 176 6:9292 
2°2441 97 3°8189 137 53938 177 | +6:9686 
2°2835 98 38583 138 54331 178 70079 
2:3228 99 3°8977 139 54725 179 70473 
2°3622 | 100 3°9370 140 55119 180 70867 
2°4016 | 101 39764 141 55512 181 71261 
24410 | 102 4:0158 142 55906 182 71654 
2°4803 | 103 4-0552 143 56300 183 72048 
2°5197 | 104 40945 144 56693 184 72442 
25591 | 105 | 41339 145 5°7087 185 72835 
275984 | 106 41733 146 5-7481 186 73229 
2°6378 | 107 $2126 147 57874 187 73623 
2°6772 | 108 4:2520 148 58268 188 74016 
2°7166 | 109 42914 149 5°8662 189 74410 
2°7559 | 110 43307 150 5°9056 190 74804 
27908 |) 111 43701 151 59449 EEN 75198 
2°8347 | 112 44095 152 59843 192 T5591 
2°8740 | 113 | 44489 153 6°0237 193 75985 
29134 | 114 | 4:4882 154 6°06380 194 76379 
2°9528 | 115 45276 155 61024 195 76772 
2°9922 | 116 4:5670 156 61418 196 77166 
30315 | 117 4+:6063 157 61812 OT, 77560 
3°0709 | 118 46457 158 6°2205 198 T7954 
371103 | 119 46851 159 6°2599 199 T8347 
31496 | 120 4°7245 160 6:2993 | 200} 7-8741 
19-685 700 | 27-559 900 | 35:433 1,100 | 43°307 
23°622 SOU | 81-496 1,000 | 89°370 1,200 | 47-244 


APPENDIX 


TABLE XXIII.—Pounps IN KILOGRAMMES. 


Pounds | Kilogrs. |/Pounds.| Kilogrs. jPounds. Kilogrs. Pounds.| Kilogrs. |{Pounds. | Kilogrs. 
i hh 
1 OLS 4 21 9-525 4] 18597 || 61 27-669 $l 36-741 
2 0-907 22 9979 || 42 19-051 62 28°123 82 37-195 
3 1361 23 107433 || 43 19504 || 63 28°57) 83 37-648 
4 1814 24 10-886 44 19°958 64 20-030 84 38: 102 
5 2-268 25 11:°340 45 20°412 65 29483 85 38°555 
6 2-722 26 11-793 || 46 20°865 66 29-937 86 39-009 
ut elisa 27 12°247 47 21319 67 307391 87 39°463 
8 3-629 28 12°701 48 21°772 68 30844 88 39-916 
9 4-082 29 13-154 49 22°226 69 31-298 89 40°370 
10 4536 30 13°608 | 50 22°680 70 Ole To 90 40°823 
11 4-989 31 14-061 a 23133 71 32-205 91 41:277 
oly 5443 32 14-515 52 23°587 72 32-659 92 41-731 
13 5897 33 14:969 53 24-040 | 73 33112 93 42-184 
14 6350 34 15°422 54 244.94 74 33°566 9+ 42-638 
15 6-804 B35 15876 ay) 24-948 75 B+019 95 43-091 
16 7-257 36 16°329 56 25401 76 B4:473 96 43°545 
V7 (A 37 16°783 || 57 25°855 77 34:927 97 43-998 
18 8-165 38 17-236 || 58 26°308 78 357380 98 44-452 
19 8618 39 LEGS) IN 1a) 26°762 79 B5'SB4 99 44-906 
20 9°072 40 18144 |} 60 21 252 SO 36 287 || 100 45°359 
| | 
TABLE XXIV.—KILOGRAMMES IN POUNDS. 
Kilos. | Pounds. | Kilos. | Pounds. || Kilos. | Pounds. |} Kilos.| Pounds. |] Kilos. | Pounds. 
| WE Pe 
1 2°205 21 46297 || 41 90°389 61 134482 Sl 178574 
2 4-409 22 48°502 42 92-594 62 136-486 82 180-779 
3 6-614 23 50706 || 43 94-799 63 138°891 83 182-983 
4 8-818 || 24 52-911 44 97-003 64 141-096 84 185-118 
6 11-0238 25 saya i bs) 45 99-208 65 143°300 85 197 "393 
6 13:228 26 57°320 46 101-4138 66 145°505 86 189-597 
"6 15°432 27 59°525 47 103°617 | oa 147-710 87 194802 
8 17°637 28 61-729) || 48 105°822 68 149-914 88 194-010 
9 19-842 29 63-934 49 | 108-026 69 152119 89 196-211 
10 22-046 | 30 66°139 50 110-231 70 154°323 90 198-416 
24°25 31 68°343 51 1127436 fil 156528 Ol 200°620 
12 | 36455 | 32 | 70548 || 52 | 114-640 |] 72 158733 || 92 | 202-895 
13 | 28-660 || 33 | 72752 || 53 | 116845 || 73 | 160°937 93 | 205°330 
14 30°865 34 T4957 54 119-049 74 163:142 o4 207-234 
15 33°069 35 77-162 55 121-254 75 165347 95 209°439 
16 35274 36 79°366 56 123-459 76 oe 96 211-644 
17 37-479 37 81571 57 125°663 77 poe 97 213°848 
18 39°683 38 83°776 58 127°868 78 1 71960 98 316-053 
19 41-888 39 85°905 59 130:073 79 LTE LG) Oy) ee 
20 44-092 40 88188 69 132°277 80 176370 || 100 2207462 
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TABLE XXV.—POUNDS PER SQUARE INCH IN KILOGRAMMES PER 
SQUARE CENTIMETRE. 


Lbs. Kilos. Lbs, Kilos. Lbs. Kiios. Lbs, Kilos. Lbs. Kilos. 
per per per per per per per per per per 

in.2 em.2 in.2 em.? in.2 cm.2 in.2 em.2 in.2 em.2 
100 7:03 2,900 203°89 5,700 400°75 8,500 59761 16,500 | 1160°06 


200 14:06 3,000 | 210°92 5,800 | 407°78 8,600 | 604-64 || 17,000 | 1195-22 

300 21:09 3,100 | 217-95 5,900 | 414-81 8,700 | 61°67 || 17,500 | 1230-37 

400 28°12 3,200 | 221-98 6,000 | 421°84 8,800 | 618°70 || 18,000 | 1265753 

500 35°15 3,300 | 232-01 6,100 | 428°87 8,900 | 625°73 || 18,500 | 1300°€8 

600 42°18 3,400 | 239°05 6,200 | 435-90 9,000 | 63276 || 19,000 | 1335°83 

700 49°21 3,500 | 246°07 6,300 | 442°93 9,190 | 639°79 || 19,500 | 1370-99 

800 56°24 3,600 | 253°10 6,400 | 449-96 9,200 | 646°82 || 20,000 | 1406-14 

900 63°28 3,700 260°13 6,500 45699 9,300 653°85 || 20,500 | 1414-99 
1,000 To31 3,800 | 267-17 6,600 | 464-02 9,400 | 660°88 |} 21,000 | 1476-45 
1,100 17°34 3,900 | 274-20 6,700 | 471°06 9,500 | 667°22 |} 21,500 | 1511-60 
1,200 84°37 4,000 | 281-23 6,800 | 47809 9,600 | 674°95 || 22,000 | 1546-75 
1,300 91°40 4,100 | 288°26 6,900 | 485712 9,700 | 681-98 || 22,500 | 1581-91 
1,400 98°43 4,200 | 295-29 7,000 | 492715 9,800 | 689:01 || 23,000 | 1617-06 
1,500 | 105-46 4,300 | 302°32 7,100 | 499-18 9,900 | 696704 || 23,500 | 1652-21 
1,600 | 112°49 4,400 | 309°35 7,200 | 506-21 || 10,000 | 703°07 || 24,c00 | 1687-37 
1,700 | 119°52 4,500 | 316-38 7,300 | 51324 || 10,500 | 738°22 || 24,500 | 1799-59 
1,800 | 126°55 4,600 | 323-41 7,400 | 52027 || 11,000 | 1773°38 || 25,000 | 1757-67 
1,900 | 133°58 4,700 | 330744 7,500 | 527°30 |} 11,500 | 808°53 || 25,500 | 179283 
2,000 | 140°62 4,800 | 337747 7,600 | 534:33 || 12,000 | 843°68 || 26,000 | 1827-98 
2,100 | 147°64 4,900 | 344°50 7,700 | 541°36 || 12,500 | 87884 || 26,500 | 1863-18 
2,290 | 154°67 5,000 | 351°53 7,800 | 549:39 || 13,000 | 913°99 || 27,000 | 1898-29 
2,300 | 161°71 5,100 | 358°56 7,900 | 555-42 || 13,500 | 949°14 || 27,500 | 1933-44 
2,400 | 168°74 5,200 | 365°59 8,000 | 562:46 || 14,000 | 98430 || 28,000 | 1968°60 
2,500 | 175°77 5,300 | 372°63 8,100 | 569:49 || 14,500 | 1019°45 || 28,500 | 2003-75 
2,600 | 182°80 5,400 | 379°66 8,200 | 576752 || 15,000 | 105460 |) 29,000 | 2038-90 
2,700 | 189°83 5,500 | 386769 8,300 | 583°55 || 15,500 | 1089°76 || 29,500 | 2074-06 
2,800 | 19686 5,600 | 393°72 8,400 | 590°58 || 16,000 | 112491 || 30,000 | 2109-21 


TABLE XXVI.—IMPERIAL STANDARD WIRE GAUGE. 


Diameter. Sectional ares. | Diameter. Sectional area. 

No. No. 
In. Mm. In. Man. = | In. | Mm. In. Mm. 
7/0 “500 12:7 1963 126°69 8 GOI) ak 0201 12:97 
6/0 “464 11:8 “1691 109-09 9 a 37 01638 10-51 
5/0 “432 11:0 1466 94°56 LOM hose 3:SanecOkee 8°30 
4/0 ° 400 10:2 1257 S107, 4) al 116 | 3:0 0106 6°82 
3/0 372 9-4 “1087 70:12 12 104 | 26 | -0085 5°48 
2/0 “Bd8 88 “0951 61:36 13 092 | 23 | -0066 4:29 
1/0 “R24 8-2 0824 |° 53:19 14 ‘080 | 2:0 C050 3°24 
1 “300 76 ‘O707 45°60 15 072} 1:8 0041 2°63 
2 276 7-0 0598 38°58 16 | -064 | 16 | -0032 2:07 
3 “252 6-4 0499 32°18 17 "056 | 1:4 | :0025 1:59 
4 +232 5°9 0423 27°27 18 048 | 1:2 “0018 Ware 
5 212 5-4 O35: 22°77 19 “040 | 1:0 0013 0-81 
6 192 4:9 0290 18°68 20 °036) 1/09 ‘0010 0°65 
7 176 45 0243 15:70 21 ‘032 | 0:8 0008 051 


—— Santee 


APPENDIX 11 
TABLE. XXVII.— DECIMAL EQUIVALENTS (SIxty-FOURTHS). 
1-64th 015625 | 17-64ths | °265625 || 33-64ths | °515625 49-64ths | -765625 
1-32nd 03125 | 9-32nds| -28125 17-32nds | 53125 25-32nds| *78125 
3-64ths O46875 19-64ths | -296875 || 35-64ths3 | 546875 51-64ths | -796875 
1-16th “0625 5-16ths | 3125 9-16ths | -5625 13-16ths | °8125 
5-G4ths | -078125 || 21-64ths | -328125 || 37-64ths | -578125 53-64ths | 828125 
3-32nds | -09375 11-32nds]| °34375 19-32nds | °59375 27-32nds| 84375 
7-64ths | -109375 || 23-64ths | -359375 |) 39-64ths | -609375 55 64ths | °859375 
1-8th 125 | 3-8ths | :375 5-8ths 625 7-8ths 875 
9-64ths | -140625 || 25-64ths | 390625 |} 41-64ths | -640625 57-64ths | 890625 
5-32nds | -15625 || 13-32nds| -40625 21-32nds | °65625 29-32nds| -90625 
11-64ths | -171875 |) 27-64ths | -421875 |) 43-64ths | -671875 59-64ths | -921875 
3-16ths | +1875 7-16ths | -4375 |] 11-16ths | -6875 15-16ths | +9375 
13-64ths | °203125 || 29-64ths | -453125 || 45-64ths | -703125 61-64ths | -953125 
7-32nds | +21875 15-32nds| -46875 23-32nds | -71875 31-32nds| -96875 
15-64ths | +234375 | 31-64ths | 484375 || 47-64ths | -734375 63-64ths | -984375 
1-4th hee26) l-half | 5 3-4ths (5) 
TasLe XXVIII.—Crircunar, Diamerrat anp Metric Pircuszs. 
Circular Diametral Diametral Circular Diametral 
Pitch. Pitch. Pitch, Pitch. oe Pitch, 
13 795 2 571 155 16°988 
12 1°9338 24 1°396 saya) 14°514 
1 2094 24 1257 2 12°700 
1i% 2°185 23 1°142 2°25 11°288 
12 2°285 3 1:041 2:9 10°160 
1575 2°394 34 "8976 2°75 9°236 
1+ 2°513 4 "185 3 8°466 
1335 2°646 5 628 3°5 1 2510 
14 2°793 6 524 4 6°350 
1s 2°957 7 “449 4°5 5644 
1 3°142 8 398 5 5°080 
13 3°351 9 349 One 4618 
4 3°590 10 314 6 4°233 
t8 3°867 11 286 7 3°628 
3 4°189 12 262 8 3°175 
44 4570 14 “294 9 2°822 
2 5027 16 "196 10 2°540 
+5 5°585 18 175 ee 2-309 
* 6°283 20 Sto. 12 QAty 
a5 Talet 22, 143 14 1814 
3 8°378 24 131 16 1°587 
5 10°058 26 ABH 
4 12°566 28 112, 
3; 16°755 30 105 


12 APPENDIX 
Tapue XXIX.—-Merrric 60° Screw THREADS. 
; : ‘ Area at ae ORAS itch: hese Area at 
Be aeee Neaimedaet Pabsacenee pe Seon |e tasten | Diao Bye oa 
mm, mi. im mm.2 mim, mm. mnm. mim.2 
*6 1-0 4:70 | 17°35 «D4 3:0 20°10 317°3 
ont 10 5°70 | 25:52 26 3:0 22°10 383-6 
8 1-0 670: | 35:26 OM 3°0 23:10 419-1 
8 1:25 6°38 | 31:96 28 3:0 24:10 4562 
9 1-0 770 | 46:57 *30 3°5 25°45 5038°6 
*9 1:25 7:38 | 42-73 32 35 27:45 592-0 
call) 15 8:05 | 50°89 *~33 35 28°45 635-6 
“Tal 1:5 9:05 | 64:25 34 3°5 29°45 681-0 
12, 15 10°05" | 79°32 *36 4-0 30°80 745-1 
*12 1:75 Shia) || eee 38 4:0 32°80 844-96 
*14 2-0 11:40 | 102.07 739 4-0 33°80 897°3 
*16 2-0 13:40 | 141-03 40 4-0 34°80 951-2 
16 1:5 14:05 | 155-50 *49 4-5 36:15 | 1027-0 
as 2°5 14°75 | 171-21 44 4-5 38°15 | 1143-0 
18 1:5 16:05 | 202-63 *45 4-5 39:15 | 1202-0 
*20 2°5 16:75 | 219-911 46 4:5 40-15 | 1265-0 
o 22, 2°5 18°75 | 276°46 *48 50 41-451 | 1353-0 
22 3°0 18:10 | 257:30 50 5:0 43°51 | 1487-0 


TABLE X \ X.—BritisH STANDARD CastTLE Nuts. 


*~ 


Systeme International. 


THE HNGINEERING STANDARDS COMMITTEX. 


Report No. 28 or 


ios | elects oe eee : 

Diameter ¢ ee Ze Be oe SA 5s = oe ° 
Bolt. : g 'g Ss 3 dz | ¥s = B 

D BOS |i 2a lle eae ene eye a ose Dy 
Ihas, Meeks, | Mors, || Thats |) Uhais, |) Wars, || ais |) thas. tiie | ba, | Tia. 
£25)" | °B26)) B20") 261) S318) LO aes Sy a6lo3) || Salil 
S (375 ‘710| -705] -82 47 | -28] -19}| -64 | -05 | 0941-16 
4 (5) 920) -GilaO6e <630 388) 9-25) 19 eSon | OG EO sal eoo 
& (625) |1:100}1:092| 1-27) *78| 47] +31 | 1-02 1-081 =1563)-97 
8 (75) |1:300]1°:292)1:50|} -94] -56] -88] 1:22 | -09 | -188 | -33 
“& (875) | 1480) 1:472)1-71)1-C9 | -66) +43 | 1-400] -11 | +219) -38 
1 16:70) 1-662 | 1293 1-25 75.) 50 | 590 ESOS Ona 
14 (1:125) | 1°860 | 1:850 | 2-15; 141] -84| -57|1-78 | -14 | -281 | -49 
14 (1:25) | 2050] 2:040| 2°37] 1:56] -94] -62]1:97 | -16 | -313]| -55 
1$(1:'5) | 2-410} 2-400 | 2-78] 1°88} 1:13] -75 | 2°33 | -19 | 875 | -66 
12 (1°75) | 2°760 | 2°750 | 3°19} 2:19) 1-31] -88| 2-68 | -22 | -438 | -77 
9 3°150 | 3:140 | 3-64] 2-50 | 1-50 | 1:00 | 3:07 | -25 | -500 | -88 


| 


TABLE XXXJ.—BrivisH STANDARD AUTOMOBILE THRBADS. 


APPENDIX 


O¥ THE ENGINEERING STANDARDS COMMITTEE. 
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Report No, 54 


Cross 

ar No. of f x Standard Effective Gore Sectional 

Fuli Diameter. | Thr me per Pitch, eon at amoler Desh Sorted abs 
Thread. 

In. Tn. ibe, Th. In. Sq. In. 
4+ (25) 26 *0385 "0246 "2254 "2007 “0316 
x5 (28125) 26 *O385 ‘02416 *2566 "2320 0423 
as (3125 Dy *0455 “02911 "2834 *2543 “0508 
# (375) 20 *0500 0320 *3430 “3110 ‘0760 
zg C4875 18 “0556 "0356 -4019 "B664 1054 
4 (5) 16 "0625 ‘0400 -4600 -4200 "1385 
qs (5625) 16 *0625 “0400 "5225 “4825 “1828 
2 (625) 14 “0714 “0457 5793 "5335 *2235 
44 (6875) 14 “0714 “0457 6418 “5960 ‘2790 
2 (75) 12 -0833 “0534 6966 6433 *3250 
43 (8125) 12 “0833 "0534 75oL “7058 3913 
~ (875) 11 “0909 “0582 “8168 *T586 “4520 
*13 (9375) 11 ‘0909 “0582 8793 “8211 "5295 
1 10 “1000 “0640 “9360 8719 “5971 


* The Committee recommend that for general use this size be dispensed with. 


TABLE XXXIJ.—BRITISH STANDARD AUTOMOBILE NuTS AND Bout Hans, 
ReEporT No. 54 OF THE ENGINGEERING STANDARDS COMMITTEE. 


Nuts anp Borrs Heaps, Nurs. Bour Heaps. 
Huauciee Width across Flats. yee Besos Thickness. Thickness. 
Bolt. 
Max. Min, EEO Maa. Min. Max. | Min. 
ae Ins. Ins. Ins. Lith In. In. In. 
-£ (25) 445 440 515 21 20 16 | “15 
sy (28125 "B25 “520 61 26 25 5} yp) 
#3125) | 525 | 520 61 26 25 | 23 | -22 
2 (375) “600 *595 “69 By} Bul 28 i 
ve (4875) | *710 | -705 82 39 38 | 34 | -83 
4 (5) “820 815 95 45 44 39 | -38 
15 (5625) 920 “915 1:06 “51 “BO “45 “44 
625) ie ; hs 
e (ea7) 1-010 | 1-002 117 B7 56 50 | -49 
# (75) 9 2 “ 7 : 60 
48 (8125) 1:200 119 1°39 70 69 61 
ag c-oa7ey | 1390 | 1382 161 “82 ey wet foe | oT 
6 
is 1-480 | 1-472 171 89 ‘98 | -78 | “77 


* The Comunittee recommend that for general use this size be dispensed with. 
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Taste XX XIII.—Britisn Stanparp WuirwortrH THREAD. Report 
No. 20 oF THE HEINGINEERING STANDARDS COMMITTER, 


No, of Standard Area at 


Full Diameter, a ree Pitch, ee oe fee ee cee oF 

Ins. In. In. Ins. Ins. | Sq. Ins 
+ (°25) 20 ‘0500 0320 ‘2180 1860 “0272 
zs (*8125) | 18 0556 0356 *2769 2414 0458 
& (375) 16 0625 ‘0400 3350 2950 "0683 
ds (4875) | 14 ‘0714 | 0457 | -3918 | -3460 | -0940 
% (5) 12 0833 0534 “4466 3933 “1215 
3%; ((0625) | 12 0833 0534 ‘5091 “4568 1632 
& (625) 11 ‘0909 ‘0582 ‘5668 “5086 2032 
42 (6875) | 11 0909 | -0582 | -6293 | -5711 | -2562 
aoe) 10 ‘1000 0640 “6860 “6219 3038 
48 (8125) | 10 ‘1000 | -0640 | -7485 | -6844 | -3679 
& (875) 3) lalate “Omieh “8039 “1327 4216 
1 8 1250 ‘0800 9200 8399 | +5540 
1% (1:125) if 1429 70915 | 1:0335 9200 “6969 
14 (1:25) t *1429 0915 | 1:1585 | 1-:0670 “8942 
12 (1°375) 6 "1667 "1067 | 1:2683 | 1:1616 | 1:0597 
1% (1:5) 6 1667 1067 | 1:3933 | 1-2866 | ‘1:3001 


TaBLE XX X]V.—Bririsu STANDARD Pipe THREADS. Report No. 21 
OF THE ENGINEERING STANDARDS CoMMI1TER. 


3 2 Nominal Length 
2 @ E 3 Ee g i : 7 of Thread. 
Ae | £26 BE 5 z ats < 3 
Es | Bes Se, 4 2 BS a sé 
Sie wei liens ol ip 
6 a A S) s 
Ins. Ins Ins Tn. Ins. Ins Ins 
2 oe °3883 023 cool 28 310 75 
4 oe 518 0385 ‘451 19 S15) 75 
3 41 ‘656 0335 ‘689 19 500 1-00 
4 ar "825 0455 "734 14 625 1-25 
a 15 ‘902 0455 ‘811 14 625 1:25 
3 13; 1041 0455 ‘950 14 750 1:50 
a las 1:189 0455 1:098 14 750 1:50 
di 141 1:309 0580 1-193 sla: 875 1:75 
14 = 1:650 0580 1-534 HUT 1:000 2-00 
1s eS 1-882 0580 1-766 11 1-000 2-00 
13 25, 2:116 0580 2.000 allt JES DED) 
2) 28 2°347 0580 2:23 iat ss) 2:25 
24 22 2:587 ‘0058 2471 il 1:250 2°50 
24 38 2°960 ‘0580 2°844 el 1:250 2°50 


oN ee — 


APPENDIX 15 
Taste XX XV.—Brrtisy Sranparp Finr Screw Tuoreaps. RxEPort 
No. 20 oF THE ENGINEERING STANDARDS COMMITTEE. 
Ful ee Pitel Sauete, Bflective Core Area at 
Diameter. per a Ae Theead. Diameter Diameter. ee 
Ins. In, In. Ins. . ‘Ins: Sq. Ins. 
4 (-25) 25 “0400 -0256 ‘2944 1988 0310 
(27) 25 ‘0400 0256 “2444 2188 -0376 
35 ('8125) | 22 0455 “0291 2834 2543 ‘0508 
S29 ¢3879) 20 “0500 0320 -3430 ‘8110 0760 
zg (4875) | 18 "0556 0356 ‘4019 3664 “1054 
4 (5) 16 (0625 -0400 -4600 -4200 1385 
2 (5625) | 16 0625 ‘0400 “9225 4825 1828 
& £625) "| 14 0714 ‘0457 Ons 5335 2235 
11 C6870) | 14 O714 “0457 6418 ‘5960 ‘2790 
3 (-70) 12 0833 0534 ‘6966 6438 *3250 
28 (8125) | 12 0833 0534 ‘7591 ‘7008 3913 
% (875) | 11 0909 | -0582 | -8168 | -7586 4520 
1 10 “1000 “0640 ‘9360 8719 6971 
13 (1:125) 9 T1111 0711 1:0539 ‘9827 ‘7585 
etn 9 | Add | 071: tres | 11077 ‘9637 
12 (1:375) 8 *1250 ‘0800 1:2950 1:2149 1:1593 
1}, (15) 8 +1250 ‘0800 1:4200 13399 1:4100 
12 (1:625) 8 *1250 ‘0800 1:5450 1:4649 1:6854 
12 (1°75) tf 1429 1915 16585 1:5670 1:9285 
2 i 1499 1915 1-:9085 1:5170 2:5930 
QA (2:25) 6 *1667 *1607 2:14:33 2:0366 . 8:2576 
24 (2°3) 6 ‘1667 -1067 2:3933 22866 4-1065 
23 (2°75) 6 "1667 “1067 2°6433 2:5366 5:0535 
3 5) 2000 SPAS st 2:8719 2°7439 5°9133 
34 (3:25) 5 *2000 1281 3°1219 2-9939 7:0399 
34 (3:5) 4-5 2999, 1423 3°3577 8:2154 8:1201 
33 (3°75) 4-5 29,9, 1423 3 6077 3°4654 9-4319 
4 45 2229, *1423 3°8577 3°7154 10:8418 
USEFUL METRICAL HQUIVALENTS. 
Lbs. per sq. in. x 0:070308 = kilogs, per sq. cm. 
Tons per sq. in. x 15749 = 1 
Kilogs. per sq. em, x 14°2232 = Ibs. per sq. in. 
Kilogs. per sq. metre x 0°205 = Ibs. per sq. ft. 
Kilogs. per sq. mm. x 0°635 = toms per sq. in. 
1 inch = 25°4 mm. Timm. “= 0:03937 in: 
1 mile = 1°6093 kilom. ] kilom. = 0°62137 mile. 
lsq.in. = 64516 sq. cm. 1 sq. em. = 0°155 sq. in. 
1 cub. in. = 16°387 c.c. Gee = 0°0610 cub. in. 
1 pint = 0'568 litre. llitre’ = 1°7598 pints, 
1 lb. = 04536 kilog. 1 kilog. = 2°2046 lbs, 
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TaBLeE XXX VI.—LocarirHs. 


aa 

0 1 2 3 q | ets 7 8 Opt 203rh>4%5) 6e7 88 

10 0043 | oos6 | o128 | 0170 4 91817! 21 | 26303438 
10} ee = 0212 | O2NB | Ozrrd | O8%4 | 0374 f 4 8 12 16 | 20'| 24 28 32 37 
0.414 4 0453 | 0492 | 0531 | 0569 .  f4 812 15 | 19 | 23 27 3135 

u 0607 | 0645 | 0682 | 0719 | 0755 f 4 7 11 15 | 19 | 22 26 30338 
=e — = { SS 
792 1 0828 | 0s64 | oso9 | 0934 } 0969 § 13 711 14] 18 | 21-25 98 32 
he 1004 | 1088 | 1072 | 1196 | 3 71014 | 17 | 20249731 
13 | 1139 } 1173 | 1206 | 1239 | 1271 13 710 13 | 16 | 2023 2630 
| 1303 | 1335 | 1367 | 1399 | 1480 43 7 1012 | 16 | 19 22 25 29 

14 | 1461 | 1492 | 1523 | 1563 3 6 912] 15 | 1821 2498 
1584 | 1614 | 1644 | 1673 | 1703 | 1782 #3 6 9 12 | 15 | 17 20 93 26 

15 | 1761 | 1760 | isis | 1847 | 1875 1903 | 13 6 911] 14 | 172023 26 
: 1959 | 1987 | 2014} 38 5 811] 14 | 1619 29 95 
2095 8 5 811] 14 | 1619 22 24 

2227 | 2253 | 22791 8 5 810] 13] 1518 21 23 

2355 Ss 3 6 810 | 13 | 1518 2028 

2480 | 2504 | 2529} 2 5 710] 12 | 15171922 

2601 2 5 7 9/| 12114163921 

2718 | 2742 | 2765} 2 6 7 9] 11 | 14161821 

2833 2 4 7 9] 11] 13161820 

2945 | 2967 | 2989} 2 4 6 8] 11113151719 

8054 8160 | 3181 | 8201] 2 4 6 §]11 | 18151719 

3263 3365 34042 4 6 8|10| 12141618 

3464 3560 3598 #2 4 6 8] 10 | 12141517 

2695 3747 37842 4 6 7] 9] 11131517 

3838 2927 3962 f2 4 5 7} 9/ 11121416 

4014 4099 | 4116 | 41382 3 5 7! 9 | 10121415 

4183 4265 | 4281 | 4298} 2.3 5 7| 8110111315 

4346 4425 | 4440 | 4456192 8 5 6] 8! 9111314, 

4502 4579 | 4594 | 4609 | 3.85) 16 8 OTT 1274 

4654 4728 | 4742 | 4757 71 3 4 6] 7] 9101213 

"4800 4871 | 4886 | 4900} 1 3 4 6| 7] 9101113 

4942 5011-| 5024 | 5088 f 3.4765] Wales Ose 

5079 5145 | 5159 | 517271 38 4 5| 7/1 § $1119 

5211 5276 | 5289 | 5302 S45 NG Sooty 

5340 5403 | 6416 | 5429871 8 4-5] 6) 8 91011 

5465 5627 | 5539 | 555111 2 4 6| 6| 7 910n 

55ST 5647 | 5658 | 5670 2a4 S55 56 | peemtonal 

5705 5763 | 5775 | 5786} 1 2 8 5] @€| 7 8 910 

5821 5877 | 5888 | 5899 #1 2 3 5} 6] 7 8 910 

5933 5988 | 5999 | 6010 2 3 4\_5 7 8 910 

6042 6096 | 6107 | Gl17#1 2 3 4] 5] 6 8 910 

6149 6201616 21.95156229) Il 590s Fal) Bice inG 

6253 6304 | 6314 | 63251 2 38 4] 5| 67 8 9 

6355 6405 | 6415 | 64251 2 3 4] 5] 678 9 

6454 6503 | 6513 | 662211 2 38 4] 5| 6 7 8 9 

6551 6599 | 6699] 6618 27.3 45 \— Sel Ger sino 

66465 6693 | 6702 | 6712 2 Sate B Ce Tans 

6739 6785 | 6794 | 6803 PI aise) i Gate 

6830 6875 | 6884 | 6893 218 Aaa be Gaaes 

6920 6964 | 6972 | 6981 228 a ea omar ys 

7007 7050 | 7059; 70671 23 3] 4| 5678 


APPENDIX’. 


Taste XXXVI. —Locarritums —continucd 


2 8 4 5 6 1 8 9 I; 23 4/5/6 
7093 | 7101 | 7110 | 7118 | 7126 | 7185 | 7143 | 7152/1 2 3 3| 4/5 6 7 
7177 | 7185 | 7193 | 7202 | 7210 | 7218 | 7226 | 7235 ;1 2 2 3) 4/5 6 7 
7259-|-7267 | 7275 | 7284 | 72¥2 | 7300 | 7308 | 7316/1 2 2 3] 4/5 6 6 
7840 | 7848 | 7856 | 7864 | 7372 | 7380 | 7388 | 7395 | 1 2 2 3] 4/5 6 6 
7419 | 7427 | 7485 | 7443 | 7451 | 7459 | 7405 | 7474]1 2 2 3/ 4/5 5 6 7 
7497 | 7505 | 7513 7528 | 7586 | 7543 |,7551]1 2 2 3| 4/5 5 6 7 
7574 | 7582 | 7589 | 7597 | 7604 | 7612 | 7619 |' 762711 2 2 3] 4/5 5 6 7 
7649 | 7657 |¥7664 | 7672 | 7679 | 7686 | 794 | 770111 1 2 3] 4/4 5 6 7 
7723 | 781 | 7738 | 7745 | 7752 | 7760 | 7767 | 7774 {1 1 2 3] 4/4 5 6 7 
7796 | 7803 7318 | 7825 | 7832 | 7839 |'7946{1 1 2 3| 4/4 5 6 6 
7868 | 7875 7ss9 | 7896 | 7903 | 7910 | 7917/1 1 2 3] 4/4 5 6 6 
7938 | 7945 7969 | 7966 | 7973 | 7980 | 7987 1 1 2 3] 3/4 5.6 6 
8007 | 8014 8028 | 8035 | 8041 | 8048-| 8055] 1 1-2 3] 8/4 5 5 6 
8075 | 8082 8046 | 8102 | 8109 | Sils | $122]1 1 2 3/ 8/4 5 & 6 
8142 | 8149 g162 | si69 | 8176 | sis2|siso[1 1 23) 3/4 5 5 6 
8209 | 8215 8228 | 8235 | 's241 | 8248 |{s254 11 1 2 3] 3/4 5 5 6 
8274 | 8280 8293 | 8299 | 8306 | 8312 | 8319/1 1 2 3] 3/4 5.5 6 
8338 | 8344 8357 | 8363 | 8370 | 8376-8882] 1 1 2 3| 3/4 4 5 6 
8401 | 8407 8420 | 8426 | 8432 | 8439 | 8445] 1 1 2 2| 3/4 4 5 6 
8463 | 8470 8494 | 8500 |'8506 J 1 1 2 2] 3/4 4 5 6 
8525 | 8531 8555 | 8561 | 85671 1 2 2] 3/44 5-5 
8585 | 6591 8615 | 8621 | 8027 ]1 1 2 2] 8/4 4 5 5 
8645 | 8651 8675 | 8681 | 8685 ]1 1 2 2] 8/4 4 5 5 
8704 | 8710 8733 | 8739 | 8745] 1 1 2 2| 8/4 4 5 5 
8762 | 8768 | 8774 | 8779 | 8785 | 8791 | 8797 | 88021 1 2 2] 3/3 4 5 5 
8820 | 8825 8842 | 8848 | 8854 | 8859] 1 1 2 2) 3/394 5 5 
8876 | 8882 8899 | 8904 | 8910 | 89151 1 2 2] 8/3 4 4 5 
8932 | 8938 8949 | 8954 | 8960 | 8965 | S971 J 1-1 2 2| 8/8 4 4 5 
8987 | 8993 9004 | 9009 | 9015 | 9020 | 9025/1 1 2 2] 3/3 4 4 5 
9042 | 9047 9058 | 9068 | 9069 | 9074 | 9079 J 1 1 2 2) 8/3 4 4 5 
9096 | 9101 9117 | 9122 | 9128 | 9138 J1 1 2 2| 8/3 4 4 5 
9149 | 9154 9170 | 9175 | 9180 | 918] 1 1 2 2) 3/3 4 4 5 
9201 | 9206 g222 | 9297 | 9232-| 9238] 1 1 2 2| 8/3 4 4 5 
9253 | 9258 9274 | 9273 | 9284} 9280]1 1 2 2] 3/3 4 4 5 
“9304 | 9309 9325 | 9320 | 9385 | 93401 1 2 2] 8/3 4 4 5 
9355 | 9360 9375 | 9380 | 9385 | 9390] 1 1 2 2| 3/8 4 4 5 
9405 | 9410 9425 | 9430 | 9435 | 9440/0 1 1 2| 2/8 8 4 4 
9455 | 9460 9474 | 9479 | 9484 | 948970 1 1 2] 2/3 3 4 4 
9504 | 9509 9523 | 9528 | 9538 | 9588]0 1 1°2| 2/3 3 4 4 
9552 | 9557 9571 | 9576 | 9581 | 9586]0 1 1 2] 2/8 3 4 4 
9600 | 9605. 9619 | 9624 | 9628} 9638]0 1 12] 2/8 8 4 4 
‘9647 | 9652 9666 | 9671 | 9675 '] 9680] 0 1 1°2| 2|3 3 4 4 
9694 | 9699 9718 | 9717 | 9722'| 9727 |0 1 1 2} 2/38 8 4 4 
‘9741 | 9745 9759 | 9763 | 9768] 977310 1 1 2| 2)3 3 4 4 
ice b escalate cies | Sea a ess 
9786 | 9791 | 9795 9805 | 9809 | 9814) 9818] 0 11 2| 2/8 3 4 4 
9827 | 9832 | 9836 | 9841 9850 | 9854 | 9859'| 98630 21:2] 2/3 3 4 4 
9872 | 9877 | 9881 | 9886 9894 | 9899 | 9993'| 9908] 0 1-1°2] 2/3 3 4 4 
9921 | 9926 | 9930 9939 | 9943 | 9948'|-9952 1.0 4+ 1 -2]/-2|/3 3 4 4 
9965 | 9969 | 9974 9983 | 9987 | 9991'| 9996] 0 11:2] 2/3 3 3-4 
an = eee 
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Taste XXXVII.—Triconomerricat Ratios. 


Angle. 
Chord. Sine. Tangent. |Co-tangent. | Cosine. 
De- 
grees. Radians. 
0° 0 0 0 0 90° 
~~ a | -o175 | -o17 | “0175 ‘0175 572900 89 
2 0349 | -035 | -0349 0349 28°6363 88 
3 524 | 052 | -0523 0524 19-0811 87 
4 0698 | 070 | 0098 0699 14:3007 0 | 86 
5 | -os73 | -os7 | -os72 0875 14835 | 85 
""¢ } aoe. | a06 | sees 1051 14661 | 84 
7 1222 | -122 | -1219 1228 14486 | 83 
8 1396 | -140 | -1392 "1405 14312 | 2 
9 as7l | 157 | +1564 1584 14137 | 81 
10 | -1745 | -174 | -1736 1763 13963 | 80 
h "1920 | -192 | -1908 "1944 13788 | 79 
12 2094 | -209 | -2079 2196 13614 | 78 
13 -269 | -226 | 9250 2309 13439 | 7 
14 2443 «| -244 | +2419 2493 13265 | 76 
15 2618 | -261 | -2598 “2679 13090 | 75 
16 ‘2793 | -278 | -2756 “2867 12915 | 74 
17 2967 | 296 | -2924 3057 12741 | 73 
18 3142 | -313 .| -3090 8249 12566 | 72 
19 3316 | -330 | -3256 3443 12392 | 71 
20 ‘3491 | 347 | -3420 “3640 12217 | 70 
21 3665 | “364 | -3584 3839 12043 | 69 _ 
22 3840 | +382. | -3746 -4040 1186s | 68 
23 -4014 | -399 | -3907 “4245 hieoa | 67 
24 4139 «| -416 | -4067 4452 11519 | 66 
25 “4363 | -433 «| -4296 “4663 111345 | 65 
26 “4538 | 450 | -4384 “4877 170 | 64, 
27 ‘4712. | -4e7 | 4540 “5095 10996 | 63 
28 -ass7_ | +484 | -4695 5317 10821 | 62 
29 5061 | -501 | -4948 5543 10647 | 61 
30 5236 | 518 | -5000 “BTT4 10172 | 60 
31 “5411 “534 “5150 *6009 1:0297 59 
32 5585 | °551 | -5299 6249 10123 | 58 
33 5760 | -568 | 5446 6494 . 
34 5934 | +585 | “5592 “6745 
35 ‘6109 | ‘601 | 5736 "7002 
36 ‘6283 | -618 | -5878 7265 
37 6458 | 635 | -eols. “7536 
38 6632 | 651 | -6157 7813 
39 ‘6307 | -663 | -6293 8098 
40 ‘6981 | -es4 | -6498 “8391 
41 156 | ‘700 | 6561 “8693 
42 °7330 “ThT *6691 "9004 
43° | +7505 | +733 | -6820 9325 
44 7679 | 749 | 6947 9657 
45° | -7a5a | 765 | -zoz1_ | 1-000 


Cosine. | Co-tangent. 


INDEX 
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ACCELERATION diagrams, 155 
uniform, 142 
Accelerometers, 79 
Air cooling, 238 
», resistance, 84 
Alloy, steel, 45. 
Alternating stresses, 25 
Aluminium, 52 
Angles of cone clutches, 249 
Annealing, 49 
Arrangement of gearbox, 304 
Attachment of gudgeon pin, 165 
Axles, casing of, 344 
ixed ook 
, live, 323 
>» loads on; 326 
», Swivel, 352 


BaABBITT metal, 51 
Balancing of engines, 199 

oe of single rotating mass, 

200 
Ps of two rotating masses, 
201 

%) reciprocating parts, 210 
on reference planes, 202 
secondary, 214 
six-cylinder engine, 217 
Bearings, load carried by, 318 

e metals, 52 
Bending moments, 16 
Bessemer process, 42 
Bevel wheels, 282 

- » drives, 316 
% efficiency, 92 

Brakes, 259 
cams for, 266 
design of, 262 
for road wheels, 260 
operating gear, 261 
springs for, 267 


Cams, 139 
design of, 141 


2? 


Cams for brakes, 259 
Camshafts, 152 
a, chain drive for, 149 
Cast iron, 34 
piss Walleable: 37 
Chain drives, 293 
design of, 294 
Clutches, ‘design of, 248 
A ss » Gone, 249 
disc, oll 
plate, 253 
springs for, 
255 
Columns, strength of, 15 
Cones on shafts, 326 
Connecting rods, 163 
Gordon’s formu 
le, 169 
os » imertia of, 167 
», load on, 167 
Consideration in design, 7 
Cooling, 55 
Ren far 2oS 
» water, 239 
Crankeases, construction of, 222 
4 material for, 221 
suspension of, 228 
Crankshafts, couplings for, 191 
ny design of, 178 
> material of, 186 
An tortional rigidity, 192 
webs, 172 
Cycloidal cutters, 274 


23 3? 


DESIGN of axles, 323—352 

oS 5 e casings, 344 
bevel wheels, 316 
brakes 262 
cams, 266 
» 9» 99 Springs, 267 
cams, for valves, 141 
, camshafts, 152 
,, chain drives, 294 
clutches, 248 _ 
cone, 249 


ae 93 99 
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20 
Design of clutches disc, 251 
9 ” ” plate, 253 
A op oo springs for, 255 


columns, 15 
connecting rods, 163 
couplings, 326 
, crankshafts, 178 
ns thanesssor 
flywheels, 197 
valves, 126 

See ate 5 springs, 145 

», worm drives, 316 
Determination of engine dimen- 
sions, 100 

Diagrams of acceleration, 155 
Duralumin, 53 


EFFICIENCY of bevel wheels, 92 
RE ,, transmission, 91 
» worm gearing, 93 
Elasticity, modulus of, 12 
Empirical formule, 9 
Engine arrangements, 75 
» cooling, 238 
5,» dimensions, 100 
Estimation of power required, 96 
Exhaust ports, 126 


Factor of safety, 22 
Flywheels, 196 
5 energy stored, 197 
Sit size of, 197 
a stress in, 196 
Frames, construction of, 328 
3 design of, 337 
a factor of safety, 357 
S loads on, 329 
Fuel systems, 247 


GEARBOXES, 221 
Py material, 221 
i shafts, 312 


: 5 suspension, 228 
Gearing, 270 
» change speed, 302 
»  eycloidal teeth, 273 
» helical, 284 
»  involute teeth, 275 
»  Latios, 309 
worm, 285 
Geometrical properties of steering 
gears, 357 


INDEX © 


Gordon’s formule, 15 
Gudgeon pins, 162 


4 


HARDNESS tests, 28 
Harmonic motion, 144 
Helical gearing, 284 
Hook’s law, 12 
Horse-power formule, I.A.E. Com- 
mittee, 66 
aS re Baie LO 
3 cylinder, 
dimensions for, 107 


IGNn1TION, type for, 72 
Impact tests, 28 
Importance of good valve gerr, 135 
Inertia of connecting rods, 167 
Inlet and exhaust piping, 245 

» valves and ports, 126 
Involute teeth, 275 

ap cutters, 276 

Tron ores, 32 

ap CA in BE 

,, malleable C.1., 37 

> wrought, 41 


| Jackets, 126 


Krys, 326 


Liv axles, 323 

Loads, classification, 335 
» diagram for valve gear, 155 
AN fluctuating, 25 
a3 on transmission gear, 297 


| Lubrication, 56 


MANGANESE bronze, 52 
Measuring pitch, 277 
Metric units, 9 
Moments, bending, 16 


NICKEL steel, 47 


| OIL pumps, 235 


Prepats for brakes and clutches, 
258 


“INDEX “94 


Piping, inlet and exhaust, 245 
Piston construction, 159 
»  uumber of rings, 160 
» Material, 159 
» Speeds, 106 
», thickness, 161 
Poisson’s ratio, 13 
Power, estimation of, 96 
Pressure, mean effective, 104 
ae of compression, 71 
Profile of carriages, 87 
Propeller shafts, 315 
» brakes, 264 
Pumps, oil, 235 : 
[ water, 240 


RADIATORS, 243 

a size of, 244 
Radius rods, 355 
Resilience of materials, 14 
Resistance, 77 


AS air, 84 
5; gradient, 83 
nD road, 81 


SaFETy, factor of, 22 
Springs, clutch, 257 
design of, 348 
helical, 344 
3 periodicity of, 350 
s resilience of, 350 
Standardisation, 8 
Steel, 40 
Steering gear, columns, 366 
errors, 361 
geometry of, 357 
“A levers, 362 
Strength, compression, 14 


29 


29 


o> 


Strength, shear,t 15 
rf uitimae, 13 
Stress and strain, ll 
Studs and bolts for cylind: rs, 132 


TAPPETS, 138 

Teeth of wheels, cycloidal, 273 

involute, 275 

proportions, 279 

i 3 shape. f, 271 

Timing of valves, 135 

Torque rods, 355 

Torsivn, 21 

Torsional rigid.ty, 192 

Transmission efficiency, 91 
Ass 297 

Twisting moments, 22 

Types of gear, 271 


99 > De, 


99 > 9? 


UnIFoRM acceleration, 142 
Universal joints, 298 


VALVES, arrangement of, 148 
ae size of, 126 
Pe seatings for, 131 
a springs for, 145 
steel for, 139 
Volume of gear pump, 2 


WATER cooling, 239 

» jackets, 126 

», pumps, 240 
Webs of crankshaft, 186 


| Wheel base, 332 


Worm gearing, 285 
design of, 289 
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